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The effect of appetite on pain 
 
Hazel Wright 
Abstract 
 
Hunger and pain are powerful homeostatic drives, which compete for a behavioural 
response when experienced simultaneously. This thesis set out to explore neural 
mechanisms underpinning this competition, and how appetitive visual and olfactory 
stimuli may modulate the effect of homeostatic energy manipulations on pain. Using 
well-established techniques including EEG source analysis and resting state fMRI, we 
consistently employed a within-subjects fasting vs. satiation paradigm to investigate the 
effects of appetite on subjective pain perception and neural pain processing. Pain stimuli 
which selectively activated nociceptive Aδ fibres were presented concurrently with 
appetitive stimuli, and the neural nociceptive responses were mapped with high-density 
(128-channel) EEG recordings and fMRI functional connectivity. Based on the results 
of previous research, we hypothesised that fasting would suppress subjective and neural 
pain processing, and that visual and olfactory appetitive stimuli may augment this 
effect. 
 We first found that a relatively short overnight fast was sufficient to induce 
significant changes in resting state functional connectivity in areas that underlie both 
hunger / satiety and pain: insula cortex, hypothalamus, and regions of prefrontal cortex. 
Source analysis of EEG data revealed a small group of brain regions whose pain-related 
activation was suppressed by hunger and / or appetitive stimuli: anterior cingulate 
cortex, operculo-insular cortex, parahippocampal cortex, and cerebellum. Functional 
connectivity analysis of fMRI data further uncovered a widely-distributed network of 
brain areas whose pain-induced connectivity was enhanced by fasting or satiety. Of 
particular interest was a small network of areas involved in stimulus saliency processing 
(anterior insula, anterior cingulate cortex, and prefrontal cortex), which was stronger 
during fasting; presumably advantageous when searching for food. Lastly, in an 
experiment using a bread odour, we found that the suppressive effect of appetitive 
stimuli on nociception is not just confined to the visual modality. Brief, strong pain can 
also be suppressed by an appetitive odour during fasting. We conclude that fasting 
reliably interferes with pain processing, and that ambient appetitive stimuli might be of 
use in situations where short-lasting pain is likely to occur.  
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Chapter 1 
 
General introduction 
 
“We are all ruled in what we do by impulses ... Hunger, love, pain, fear are some of 
those inner forces which rule the individual’s instinct for self-preservation.” – Einstein 
(1950). 
 
Pain is a significant societal problem, with approximately 31 million days of work lost 
to musculoskeletal problems during 2013 in the UK (ONS 2014). Consequences of 
chronic pain for patients include job loss and depression, seriously impacting on quality 
of life. While pharmacological treatment remains the standard, many patients also 
undergo therapies such as massage and acupuncture (Breivik et al. 2006). Since there is 
a sizeable cohort of patients willing to consider treatments in addition to 
pharmacotherapy, it would be useful to explore a benign and potentially useful adjunct 
to current treatment plans: homeostatic energy balance manipulation in combination 
with salient food cues. Animal and human experiments on hunger’s potentiating or 
moderating influence over pain have been carried out (albeit somewhat disjointedly) 
over the past few decades, with some encouraging findings. A better understanding of 
cortical interactions between hunger and pain could enable novel treatment approaches; 
this is the overarching motivation behind the thesis. 
Pain is not merely a sensation provoked by a noxious stimulus. It is a vital 
homeostatic mechanism (Craig 2013; 2003b); it is therefore logical to hypothesise that 
other salient stimuli related to homeostasis would compete with pain for limited 
attentional resources. In support of this theory research demonstrates that in humans, 
experiencing breathlessness inhibits pain perception (Morelot-Panzini et al. 2007; 
Nishino et al. 2008; Yashiro et al. 2011), while thirst (Farrell et al. 2006) and sleep 
deprivation (Azevedo et al. 2011; Kundermann et al. 2004; Onen et al. 2001; Schuh-
Hofer et al. 2013; Tiede et al. 2010) enhance pain perception. The interaction between 
pain and hunger is explored during the following chapters. 
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The following sections in this general introduction describe the physiological 
pathways of pain, hunger, taste, and olfaction. Next, overlapping brain areas which 
represent potential sites for interactions between competing drives are highlighted, and 
results of literature searches for previous studies examining the interaction between 
appetite / appetitive stimuli and pain, and vice versa are reported. 
 
1.1 Neural mechanisms of pain 
Fast pain is transmitted by Aδ fibres, and follows a complex pathway.  Pain signals 
from the skin are transmitted to the spinal cord by small Aδ fibres, which terminate 
mainly in lamina I of the dorsal horns. The signal is transmitted on up the spinal cord, 
via fibres in the neospinothalamic tract, to areas of the brainstem (ventrolateral medulla, 
parabrachial nucleus, and periaqueductal grey matter: PAG). Some of these fibres 
terminate in the brainstem, but the majority proceed to the thalamus (Craig 1995). The 
signal is passed on from the thalamus to the somatosensory cortex, and also from the 
thalamus to hypothalamus and amygdala, both of which project back to the thalamus. 
Ascending signals from lamina I are also passed directly from the thalamus to posterior 
insula, and then re-represented in middle and anterior insula. Lamina I signals activate 
anterior cingulate cortex (ACC) and area 3a of primary somatosensory cortex (S1; Craig 
2003b). 
The pain pathway also permits descending modulation of pain; insula modulates 
the brainstem, and the brainstem and hypothalamus both descendingly modulate laminar 
I activity. Descending modulation is constantly active under normal circumstances 
(Diesel et al. 1990; Wilson et al. 2002). 
The PAG in several species contains opiate receptors, and injecting opiates into 
the PAG produces behavioural analgesia (Fields and Basbaum 1978) . Stimulation of 
the PAG in the brainstem can produce powerful inhibition of pain signalling. In rats, 
electrical stimulation obviated the need for a general anaesthetic when the animals 
underwent abdominal surgery (Reynolds 1969) . In rat models of neuropathic pain, deep 
brain stimulation of the PAG produced effective analgesia (Lee et al. 2012), and 
reduced mechanical and cold allodynia (Lee et al. 2000). The nociceptive role of the 
PAG has not been as thoroughly explored in humans as in rats, due both to the 
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invasiveness of stimulation procedures, and to the difficulties encountered in imaging 
this area due to signal drop-out. However, some studies of electrical stimulation of PAG 
to relieve chronic pain unresponsive to other treatments were carried out in the 1970s 
and 80s. Analgesic results were highly variable across studies, due to a lack both of 
standardised pain relief criteria and of standardised electrode implantation sites (Carrive 
and Morgan 2003) . Additionally, there were many accompanying aversive effects that 
were so unpleasant that many patients could not tolerate the stimulation, and 
discontinued their treatment (Boivie and Meyerson 1982) . The aversive side effects 
were often reported as sensations of fear and panic, which, considered along with 
animal evidence showing that PAG is activated when the ‘fight or flight’ response is 
triggered (Jansen et al. 1998), points to a role for the PAG in co-ordinating behavioural 
responses to threat or injury and the necessary accompanying analgesia. 
The PAG projects to the rostroventral medulla; anaesthetic or damage to which 
renders the antinociceptive signalling from PAG ineffective (Behbehani and Fields 
1979; Gebhart et al. 1983) . Along with the nucleus raphe magnus, these structures form 
a descending pathway from the brain that inhibits pain perception (Vanegas and 
Schaible 2004). Conversely, while the rostroventral medulla does not appear to be 
necessary for initialising neuropathic pain, it maintains neuropathic pain by descending 
facilitation (Burgess et al. 2002). 
The thalamus is involved in both the sensory and the affective aspects of pain. In 
monkeys, neurons responding specifically to noxious stimuli project from lamina I of 
the dorsal horn to ventrobasal (VB) thalamus (Ralston and Ralston 1992); 
approximately 50% of VB neurons are responsive to noxious stimuli (Chung et al. 
1986). In humans, the thalamic VB region homologous to monkey VB has also been 
found to contain neurons that respond to noxious stimuli (Lenz et al. 1994). In patients 
with chronic pain due to peripheral or central neural damage, microstimulation of VB 
produces sensations of burning pain (Lenz et al. 1993). Traditionally it was assumed 
that medial thalamus was involved only in emotional response to pain while lateral 
thalamus dealt with sensory aspects of pain, but it has been demonstrated that some 
neurons in medial thalamus code the intensity and duration of painful stimuli (Bushnell 
and Duncan 1989). 
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   Nociceptive projections from the ventral posterolateral nucleus of the thalamus 
innervate S1 (Gingold et al. 1991; Kenshalo et al. 1980). Animal S1 contains neurons 
that respond to nociceptive input, though they are outnumbered by neurons that respond 
to innocuous tactile stimuli. The S1 nociceptive neurons are somatotopically organised 
(Kenshalo et al. 2000; Omori et al. 2013), and are strongly involved in sensory-
discriminative aspects of pain, coding the actual intensity (Chen et al. 2009; Ohara et al. 
2004a), perceived intensity (Kenshalo et al. 1980), duration (Kenshalo and Isensee 
1983), and location (Bushnell et al. 1999) of pain. Direct subdural recordings from S1 
neurons in monkeys have identified responses to nociceptive heat stimuli (Apkarian et 
al. 2005; Hofbauer et al. 2001; Lenz et al. 2010) and tooth pulp stimuli (Price 2000). 
Human subdural recording studies are relatively rare, but such studies have found that 
neurons in human S1 respond to nociceptive laser stimuli (Baumgartner et al. 2011; 
Kanda et al. 2000; Ohara et al. 2004b). Lesions to S1 appear to cause gross disturbances 
in the ability to pinpoint the location of pain (Ploner et al. 1999a). 
 Secondary somatosensory cortex (S2) receives direct nociceptive projections 
from the ventral posterior inferior nucleus of the thalamus (Friedman et al. 1986; 
Stevens et al. 1993). While subdural recordings from S2 have identified a small number 
of neurons that respond to pain, their receptive fields are large and bilateral and they 
generally do not code stimulus intensity well (Dong et al. 1989; 1994; Robinson and 
Burton 1980). It seems odd, then, that a number of imaging studies have concluded that 
S2 plays an important sensory-discriminative role in pain (Maihofner et al. 2006; 
Maihofner and Kaltenhauser 2009; Worthen et al. 2011), even coding pain intensity 
(Coghill et al. 1999; Tseng et al. 2010; though see Tran et al. 2010 for contradictory 
findings). A plausible explanation for this discrepancy is that the nociceptive area for S2 
is located just outside the area usually designated as S2, and so subdural recording 
experiments may have actually missed the nociceptive neurons (Schnitzler and Ploner 
2000). In response to noxious stimuli S2 is activated in parallel to S1 (Liang et al. 2011; 
Ploner et al. 1999b), and is thought to be important in pain-associated learning and 
memory processes (Schnitzler and Ploner 2000), and pain anticipation (Seifert et al. 
2012). 
 Anterior insula receives projections from the posterior area of the thalamic 
ventral medial nucleus (Craig 1995). This nucleus is itself projected to by lamina I of 
the spinal cord dorsal horn, and the majority of neurons contained therein respond to 
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nociceptive and thermoreceptive stimuli (Craig et al. 1994). Subdural recordings have 
found nociceptive neurons in insula cortex (Zhang et al. 1999), and specifically in both 
anterior insula (Dostrovsky and Craig 1996) and posterior insula (Robinson and Burton 
1980). Insula also receives afferents from S2 and projects to amygdala and 
hypothalamus (Friedman et al. 1986; Mesulam and Mufson 1985; Shi and Cassell 
1998a; 1998b), and is therefore ideally placed to integrate nociceptive signals before 
passing them on to the limbic system. It is also postulated to play a role in pain-related 
memory and learning (Albanese et al. 2007; Schnitzler and Ploner 2000). There are 
many imaging studies that have employed painful stimuli, and the vast majority report 
that anterior insula is activated in response to pain. Anterior insula is involved in coding 
the threat of pain (Franciotti et al. 2009) and anticipation of pain (Chua et al. 1999; 
Ploghaus et al. 1999; Porro et al. 2002), and its activation before a threshold stimulus is 
delivered can predict whether or not the stimulus will be perceived as painful (Ploner et 
al. 2010). It is also activated in response to other people experiencing pain (Jackson et 
al. 2005; Singer et al. 2004). There is a critical role for posterior insula cortex in pain 
perception (Favilla et al. 2014; Garcia-Larrea 2012; Mazzola et al. 2012; Segerdahl et 
al. 2015; Wiech et al. 2014). 
The ACC receives nociceptive signals from lamina I of the spinal cord, via 
medial thalamus (Craig 2003c). It contains neurons that respond only to nociceptive 
stimuli, which, while demonstrating some intensity coding for noxious heat stimuli 
(Bushnell and Duncan 1989; Sikes and Vogt 1992) and painful mechanical stimuli, do 
not appear to be much involved in the sensory-discriminative aspects of pain due to 
their large receptive fields that encompass much of the body surface (Treede et al. 
1999). The ACC is part of the limbic system, sharing many reciprocal connections with 
the amygdala (Mega et al. 1997), and as such may be assumed to be involved in 
emotional aspects of pain. In support of this observation, ACC is involved in 
anticipation of pain (Koyama et al. 1998), attention to and escape from pain (Iwata et al. 
2005), pain avoidance (Koyama et al. 2001; Shyu et al. 2008), pain unpleasantness 
(Rainville et al. 1997), and fear conditioning (Feng et al. 2013; Tang et al. 2005). There 
is also a report of single neuron testing in humans (Hutchison et al. 1999); in agreement 
with the animal literature, the neurons identified have large and sometimes bilateral 
fields. Some ACC neurons responded specifically to nociceptive mechanical and hot / 
cold stimuli, and also to anticipation of pain and watching painful stimuli being applied 
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to another person. Interestingly, electrical stimulation applied to ACC failed to produce 
painful sensations. As the authors note, explanations for this could include the absence 
of co-activation of S1 or insula, that electrical stimulation may be too dissimilar from 
the normal cell firing patterns, and that the ACC neuronal activation previously elicited 
may actually represent a descending modulation of pain, not pain perception per se. 
Damage to the cingulate cortex or its white matter connections does not impair the 
ability to detect painful stimuli; rather, it removes the motivational and affective 
components from pain (Corkin and Hebben 1981; Foltz and White 1962; Hurt and 
Ballantine 1974; Vaccarino and Melzack 1989). An fMRI paper on painful stimulus-
response functions (Bornhovd et al. 2002) found that activations in other areas 
reflecting stimulus, pain, attention, and working memory processes were also 
represented in subregions of ACC, indicating that the ACC functions as an integration 
centre for different aspects of pain perception. 
In the overwhelming majority of papers on nociception, the amygdala is found 
to play a role in pain. The S1 does not have many projections directly to the amygdala; 
most somatosensory information reaches the amygdala indirectly via insula cortex and 
thalamus (Sah et al. 2003). It is reciprocally connected with the hypothalamus (Renaud 
and Hopkins 1977) and the ACC (Amaral and Price 1984; Mega et al. 1997). Subdural 
recordings have found neurons that respond to nociceptive stimuli in the amygdala 
(Bernard and Besson 1990; Bernard et al. 1992; Neugebauer and Li 2002), and the 
structure is thought to be important for producing antinociception (Carrasquillo and 
Gereau 2007; Huang et al. 1993; Rouwette et al. 2012). As part of the limbic system it 
is robustly implicated in affective responses to and affective modulation of pain (Ji and 
Neugebauer 2008), activating for example in response to uncertainty about pain 
(Bornhovd et al. 2002), and pain-related anxiety (Ji et al. 2007). 
 Hypothalamic activation has been demonstrated in response to experimentally-
induced acute heat pain (Dube et al. 2009) and cold pressor pain (Petrovic et al. 2004). 
Deep brain hypothalamic stimulation had been utilised to treat drug-resistant cluster 
headaches in 38 patients up to July 2008, which resulted in 61% of these patients 
reporting that they were completely or almost pain free at a minimum of 7 months 
follow up (Leone et al. 2008). It is likely that the hypothalamus is a top-down modulator 
of pain, involved in terminating rather than precipitating pain (at least in cluster 
headaches), and that stimulating it restores its ability to control nociception (May et al. 
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2006), seemingly over a number of years (Leone et al. 2013; Piacentino et al. 2014). 
Whether the same holds true for other chronic pain conditions or acute experimentally-
induced pain remains to be elucidated; success has been reported when using 
hypothalamic deep brain stimulation to treat other types of headaches (Bartsch et al. 
2011; Leone et al. 2005; Lyons et al. 2009; Walcott et al. 2009), but was unsuccessful in 
treating a small number of patients with atypical facial pain (Broggi et al. 2007). 
 
1.2 Physiology of hunger and taste 
The hunger / appetite pathway begins with vagal afferents from the stomach projecting 
to the nucleus tractus solitarius in the brainstem. The signal is passed on to several 
hypothalamic nuclei: the paraventricular nucleus, ventromedial nucleus, dorsomedial 
nucleus, lateral hypothalamic area, and arcuate nucleus. The arcuate nucleus projects to 
the amygdala and nucleus accumbens, which in turn projects to the prefrontal cortex. 
The lateral hypothalamic area sends afferents to the cortex, which also receives input 
directly from the brainstem. 
 The brainstem is principally involved in the mechanics of feeding behaviour; 
sectioning an animal above the brainstem and below the hypothalamus does not prevent 
the animal from eating, nor does it eliminate the animal’s ability to decide whether to 
swallow or reject possibly noxious food (Grill and Norgren 1978). Lateral hypothalamic 
neurons are modulated by hunger, and in addition, the paraventricular and ventromedial 
nuclei of the hypothalamus give rise to satiety. Damage to these nuclei causes extremely 
excessive eating; while damage to the dorsomedial nucleus causes aphagia (Guyton and 
Hall 2004). The amygdala is crucial for learned taste aversion, as well as being involved 
in learning to associate taste reinforcers with other arbitrary stimuli (Sanghera et al. 
1979). Nucleus accumbens (part of the ventral striatum), is an area with a strong 
concentration of dopaminergic neurons. It appears to be important for learning to 
associate the rewarding value of food with motor activity necessary to obtain it 
(Williams et al. 1993), and for integrating cognitive, sensory, and emotional information 
about food with signals from the hypothalamus (Kelley 2004). 
 In addition to the areas cited above, neurons that respond to taste have been 
identified in the ACC (de Araujo et al. 2003a; Kringelbach et al. 2004), and neurons 
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responding to taste intensity have been found in the cerebellum, pons, and middle insula 
(Small et al. 2003). The ACC, orbitofrontal cortex (OFC), and middle insula also code 
for taste pleasantness (de Araujo et al. 2003b). 
 It is important to consider the role of taste in appetite. If it were merely 
homeostatic processes that controlled food ingestion, there would not be the prevalence 
of obesity due to people over-consuming high calorie foods. The hedonic value of food 
is a highly significant factor in eating behaviour. The taste pathway (described in 
Kringelbach et al. 2004) is comprised of many areas. Taste information is relayed from 
sensors on the tongue to the brainstem, and on to the medial nucleus of the thalamus 
(Pritchard et al. 1989). It is then passed on to the primary taste cortex in the frontal 
operculum, dorsal anterior insula (Pritchard et al. 1986; Scott et al. 1986; Sudakov et al. 
1971), and area 3b of S1 (Norgren 1990). Primary taste cortex projects to secondary 
taste cortex (Baylis et al. 1995), and to lateral hypothalamus (Burton et al. 1976). 
Neurons responding to taste are also present in amygdala (Sanghera et al. 1979), and 
ventral striatum (including nucleus accumbens: Williams et al. 1993). 
 The gut-brain axis, the association between gastrointestinal tract and brain 
structures (hypothalamus and brain stem), is influenced by a variety of neurochemical 
entities which can be orexigenic (hunger-inducing), or anorectic (satiety-signalling). 
Most act either directly on the arcuate nucleus of the hypothalamus, or indirectly via 
vagal afferents, through the brainstem (nucleus of the solitary tract), and on to the 
hypothalamus (Wren and Bloom 2007). An exhaustive review of these factors is not the 
aim of this introduction, so only the most commonly cited will be discussed here. 
 The only circulating orexigenic factor is ghrelin. It is produced in the stomach, 
and acts on the hypothalamus both directly (Willesen et al. 1999), and indirectly via the 
vagus nerve (Asakawa et al. 2001; Date et al. 2002). Ghrelin appears to function in the 
short-term as a meal initiator, and its circulating levels are strongly correlated with 
subjective hunger ratings (Cummings et al. 2004). It also seems to be important for 
long-term weight maintenance; levels are increased when weight decreases (Adams et 
al. 2011; Weigle et al. 2003), and decreased when weight increases (Otto et al. 2001; 
Tschop et al. 2001). 
 Other known neurochemical appetitive factors are anorectic (satiety signalling), 
and are circulated after feeding. Cholecystokinin, peptide YY, glucagon-like peptide-1, 
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and oxyntomodulin are released from the intestine, and all reduce calorie intake in 
rodents and humans (Chaudhri et al. 2008). Additionally, administration of 
oxyntomodulin to obese human subjects increases their calorie expenditure by raising 
their physical activity levels towards normal (Wynne et al. 2006). Pancreatic 
polypeptide is released from the pancreas, and acts in the short-term to suppress appetite 
after feeding. Administering pancreatic polypeptide to human subjects can also reduce 
food intake for the subsequent 24 hours (Batterham et al. 2003). 
 In contrast to the acute-acting factors described above, the hormone leptin is 
produced in adipose tissue, and plays an important role in the long-term regulation of 
energy balance. Leptin concentrations are proportional to the amount of adipose tissue. 
It prompts the down-regulation of orexigenic compounds and the up-regulation of 
anorectic factors when fat stores are increased (Jequier 2002). 
 
1.3 Neurochemical appetite modulators and pain 
The administration of ghrelin has a strong pain relieving effect in animal models of 
neuropathic and acute pain (Guneli et al. 2010; Sibilia et al. 2006; Wei et al. 2013; Zeng 
et al. 2014; Zhou et al. 2014), as does glucagon-like peptide-1 (Gong et al. 2014), and 
neuropeptide Y (Hua et al. 1991; Li et al. 2005), an orexigenic compound expressed in 
the hypothalamus. Other research has found that leptin can enhance nociception (Kutlu 
et al. 2003; Lim et al. 2009; Tian et al. 2011), though one study has reported anti-
nociceptive effects of leptin administration (Li et al. 2013). These substances are also 
found in brain areas known to be critically involved in nociception (Attele et al. 2002; 
Ferrini et al. 2009; Li et al. 2005; Vergnano et al. 2008; Zheng et al. 2014). It seems 
clear that these compounds play a prominent role in both maintaining the homeostatic 
energy balance, and analgesia / pro-nociception. 
 
1.4 Physiology of olfaction 
Olfactory signalling is projected from the olfactory bulb to primary olfactory cortex 
(O1). It diverges from O1 to OFC, insula, thalamus, and hippocampus (Fioretti et al. 
2011). From OFC it passes to amygdala (Rolls 2004), hypothalamus (Mai and Paxinos 
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2011), ACC (Rolls 2012), and insula (Gottfried and Zald 2005). Amygdala sends 
olfactory projections to the hypothalamus, and thalamus projects back to OFC (Fioretti 
et al. 2011). 
 Food odours are responded to differently than non-food odours, and this 
modulation varies according to satiety status; after consuming a meal, participants 
reported a decrease in the pleasantness of food odours but no decrease in response to 
non-food odours (Albrecht et al. 2009; Duclaux et al. 1973). The pattern of responses 
that would suggest such alliesthesia has also been observed in rats (Pager et al. 1972). 
Olfactory bulb cells in rats respond differently to food odours according to the animal’s 
satiety status, but satiety does not affect their response to non-food odours (Chaput and 
Holley 1976). Some neurons in monkey OFC have been found to decrease their firing 
rate in response to the smell of a food fed to satiety, while retaining or increasing their 
firing rate in response to the smell of other food and non-food odours (Critchley and 
Rolls 1996); decreased activation has also been found in human OFC in response to the 
smell of a food (banana) eaten to satiety, but there was no such decrease in response to 
another food odour (O'Doherty et al. 2000). Studies with human participants that utilise 
food odours are exceptionally rare, but show that food odours hold a special 
significance in comparison to other biologically irrelevant odours (Boesveldt et al. 
2010; Kemmotsu and Murphy 2006; Small et al. 2007) and are responded to 
preferentially in limbic and reward-related brain areas (Bragulat et al. 2010). The 
administration of the orexigen ghrelin to fasted participants results in enhanced sniffing 
of both food and non-food odours (Tong et al. 2011), which presumably is a 
homeostatically advantageous behaviour. Recently it has been demonstrated that 
humans are even able to detect fat concentration by olfaction alone, which likely would 
have been beneficial for survival when food resources were scarce (Boesveldt and 
Lundstrom 2014). 
 
1.5 Olfaction and pain 
Unsurprisingly, studies on pain and olfaction are rare. Those that exist mainly used rats 
as subjects and lemon oil as the olfactory stimuli, and found that lemon oil aroma 
significantly reduces pain-related behaviour and modulates pain-induced neurochemical 
release in a variety of brain structures (Aloisi et al. 2002; Ceccarelli et al. 2002; Ikeda et 
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al. 2014). Rather than being immediately engaging to homeostatic brain regions 
(obviously lemons are edible, but hunger would not drive most animals to eat one), 
lemon oil aroma appears to affect limbic structures; destroying the ACC abolishes the 
aroma-induced suppression of pain-related behaviour and modulation of pain-induced 
neurochemical release (Ikeda et al. 2014). 
 Research with human participants has produced mixed results, with some studies 
finding that pleasant odours reduced pain perception (Aou et al. 2005; Bartolo et al. 
2013; Demers et al. 2004), even when participants were not consciously aware of an 
odour manipulation taking place (Leduc et al. 2007), and one study finding a pro-
nociceptive effect of unpleasant odours (Bartolo et al. 2013). Other findings 
contradicted these results (Marchand and Arsenault 2002; Martin 2006). The only 
available pain study with adult human participants and food odours found that a sweet 
caramel odour significantly increased pain tolerance, while a pleasant non-food odour 
(aftershave) did not (Prescott and Wilkie 2007). The authors interpret these results as 
being due to a conditioned association between sweet odours and sweet tastes. In spite 
of the lack of previous research in this area, it is logical to assume that olfactory food 
stimuli constitute powerful behavioural motivators, and may therefore have robust 
effects on nociception. 
 
1.6 Pathway interactions 
Figure 1 shows abridged connectivities of the pain, hunger, taste, and olfaction 
pathways. Thalamus and hypothalamus are common to all four pathways; the brainstem 
projects hunger and taste signals and has pain pathway afferent and efferent 
connections; insula is a target of olfaction, taste, and pain pathways, and also projects 
pain signals to several other areas; the hunger and olfaction pathways pass through 
amygdala, and amygdala carries many afferent and efferent projections of the pain 
pathway. The ACC is a target of the pain and olfactory pathways and is often cited as an 
area activated by hunger (Fuhrer et al. 2008; Hinton et al. 2004; Tataranni et al. 1999), 
possibly due to negative affect. 
12 
 
 
 
All these areas are phylogenetically ancient (Cho et al. 2013; Egan et al. 2003; 
Egan et al. 2005; Mashour and Alkire 2013; Nadeau 2008; Parsons et al. 2000), and also 
underlie other homeostatic drives, such as thirst, fear, hunger for air, and sleep (Brannan 
et al. 2001; Fischer et al. 2000; Liotti et al. 2001; Sewards and Sewards 2003). 
 
 
  Figure 1 Solid lines between brain 
areas represent the pathways (abridged) 
of pain (red), hunger (yellow), taste 
(purple), and olfaction (green). Arrows 
indicate the point of entry for each 
pathway. A INS: anterior insula. AMY: 
amygdala. BR.STM: brainstem. HIP: 
hippocampus. HYP: hypothalamus.  P 
INS: posterior insula. THAL: thalamus.  
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1.7 Literature search results 
To investigate interactions between pain, appetite, and food olfaction, the electronic 
databases Medline, PsycINFO, and PubMed were searched for relevant papers with the 
following search terms: (Hunger OR Satiety) AND Pain NOT Gastroparesis NOT 
Dyspepsia NOT Dyspnoea NOT Cancer NOT Diabetes NOT Liver NOT Dyspnea NOT 
Kidney NOT Vomiting. Articles and book chapters were disregarded if they were 
written in any other language but English. There were no restrictions with respect to the 
earliest publishing date. The first search commenced on 03/12/2012 and was completed 
by 14/12/2012. A further search of the same databases with the same search terms was 
completed 08/01/2015, and encompassed the time frame 01/12/2012 to 08/01/2015. 
Another search of PubMed, Medline, and PsycINFO with the search terms (Olfact* 
AND Pain) NOT Parkinson* NOT Cancer NOT Depress* NOT Spinal NOT 
Esthesioneuroblastoma NOT Polyposis NOT Stroke was completed 12/01/2015. An 
additional search for both sets of search terms was completed 29/09/2015, covering the 
time frame from 01/01/2015 up to and including the search date. Additional papers of 
interest were identified from the reference lists of retrieved articles. All relevant 
retrieved papers are detailed in Tables 1A-D.
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Table 1A 
Authors Subjects Primary         
pain 
Fasted Fed Primary 
measure 
Primary outcome 
       Aloisi et al. 2002 Adult rats Formalin - X Paw licking Pain  with lemon odour 
Aloisi & Carli 1996 Adult rats Formalin X  Paw licking Pain  when food available 
Blass et al. 1987 Infant rats Thermal -  Paw lift latency Pain  following sucrose # 
Blass et al. 1991 Infant rats Thermal -  Paw lift Pain  following milk # 
Blass & Fitzgerald 1988 Infant rats Thermal -  Paw lift Pain  following milk # 
Blass & Shide 1994 Infant rats Thermal -  Paw lift latency Pain  following sugars 
Chudler & Dong 1983 Adult rats Surgical N/A  Body weight Weight  following surgical pain 
Davidson et al. 1992 Adult rats Thermal  X Tail flick latency Pain  following 24 hour fast # 
De los Santos-Arteaga 2003 Mice Chem./thermal  - Paw lick Pain  with intermittent fasting # 
Dum & Hertz 1984 Adult rats Thermal - * Paw lick Pain  when food is expected # 
Foo et al. 2009 Adult rats Formalin X  Paw movement Pain rarely interrupted feeding 
Foo & Mason 2005 Adult rats Thermal X  Paw withdrawal Pain rarely interrupted feeding 
Foo & Mason 2009 Adult rats Thermal X  Paw lift / lick Pain  following palatable food 
Gong et al. 2014 Adult rodents Formalin X X Flinching Pain  with INT GLP1 
Guneli et al. 2010 Adult rats Surgical/pressure X X Paw withdrawal Pain  with IP ghrelin 
Hua et al. 1991 Adult rats Thermal - X Pain reflex Pain  with INT NPY 
Ikeda et al. 2014 Adult mice Formalin - X Paw lick Pain  with lemon odour 
Khasar et al. 2003 Infant rats Formalin  X Paw movements Pain  following 48 hr fast 
Kutlu et al. 2003 Adult mice Thermal X X Paw lick Pain  with IP leptin 
LaGraize et al. 2004 Adult rats Formalin   Paw movements Pain  when working for food 
Leiphart et al. 2010 Adult rats Surgical N/A  Body weight Weight  in chronic pain model 
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Li et al. 2002 Adult rats Thermal X X Paw withdrawal Pain  with INA NPY # ^ 
Li et al. 2005 Adult rats Chem./thermal X X Paw withdrawal Pain  with ARC NPY ^ 
Li et al. 2013 Adult rats Surgical/thermal - X Withdrawal Pain  with INT leptin 
Lim et al. 2009 Adult rats Surgical/thermal X X Paw withdrawal Pain  with INT leptin 
Malick et al. 2001 Adult rats Dural stim. X  Food intake Intake  after painful stimulation 
McGivern & Bernston 1980 Adult rats Thermal  X Tail flick Pain  following a fast # 
McGivern et al. 1979 Adult rats Thermal  X Tail flick latency Pain  following a fast # 
Nakama-Kitamura 2014 Adult mice Formalin - - Paw lick Pain  with sweet food odour 
Ramzan et al. 1993 Adult rats Thermal X X Tail flick latency Pain  in obese rats 
Ren et al. 1997 Infant rats Chem./thermal -  Escape latency Pain  with sucrose + suckling 
Segato et al. 1997 Adult rats Thermal X  Tail flick Pain  following sucrose # 
Shavit et al. 2005 Adult rats Surgical N/A  Body weight Weight  with good analgesia 
Shide & Blass 1989 Infant rats Thermal -  Paw lift Pain  following corn oil/sugar # 
Sibilia et al. 2006 Adult rats Chem./pressure X  Paw withdrawal Pain  with ICV ghrelin # 
Tian et al. 2011 Adult rats Chemical X X Withdrawal Pain  with INT leptin 
Wei et al. 2013 Adult mice Thermal X X Tail withdrawal Pain  with ICV/IP ghrelin # ^ 
Wylie & Gentle 1997 Hens Chemical   Limb movement Pain  after feeding # 
Zeng et al. 2014 Adult mice Thermal X X Tail withdrawal Pain  with ICV ghrelin # 
Zhou et al. 2014 Adult rats Surgical/thermal X X Paw withdrawal Pain  with INT ghrelin ^ 
  
ARC = arcuate nucleus, hypothalamus. Chem. = chemical. GLP1 = Glucagon-like peptide-1. ICV = intracerebroventricular drug 
administration. INA = intra-nucleus accumbens injection. INT = intrathecal injection. IP = intraperitoneal injection. NPY = neuropeptide 
Y.  # = analgesia blocked by opioid antagonist (naloxone or naltrexone). ^ = analgesia blocked by ghrelin/NPY receptor antagonist. * = 
expected feeding. X = negative;  = positive.  = increased;  = decreased. Where two primary pain methods are indicated, the first was 
applied to sensitise the area before application of the second. A dash indicates unreported or unclear.    
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Table 1B 
Authors Subjects Primary        
pain 
Fasted Fed Primary measure Primary outcome 
       Akҫam 2004 H. infants HL X  Crying Pain  following glucose / fructose 
Blass & Hoffmeyer 1991 H. infants HL X  Crying Pain  following sucrose 
Blass & Shah 1995 H. infants HL X  Crying Pain  following sucrose 
Bucher et al. 1995 P. infants HL   Crying/BPM Pain  following sucrose 
Bastion et al. 2014 H. adults CP -  Self-report Chocolate liking  following pain  
Carbajal et al. 2002 P. infants Injection X  Pain score “” Pain  following glucose 
Eggleston et al. 2010 H. adults CP  X Pain tolerance Sweet taste  pain tolerance 
Haouari et al. 1995 H. infants HL X  Crying Pain  following sucrose 
Lewkowski et al. 2003 H. adults CP - X Pain tolerance Pain tolerance  following sucrose ||| 
Miller et al. 1994 H. children CP X X Pain threshold Pain threshold  following sucrose ||| 
Pollatos et al. 2012 H. adults Pressure  X Pain tolerance/threshold Pain  following fasting 
Prescott & Wilkie 2007 H. adults CP - X Pain tolerance Pain tolerance  with caramel odour 
Wright et al. 2015 H. adults Laser   Brain activations Pain activation  when fasted/VFS 
Zmarzty et al. 1997 H. adults CP   Pain rating Pain rating  following a meal 
 
BPM = beats per minute (heart rate). CP = cold pressor. H. = healthy. HL = heel lance. N = number of subjects. Nutri. ad. = nutrients 
administered. P. = premature. TL = toe lance. VFS = with visual food stimuli. X = negative;  = positive.  = increased;  = decreased.            
“” = rated according to behaviour. ||| = nutrient held in the mouth, but not swallowed. Dash indicates unreported or unclear. 
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Table 1C 
Authors Subjects Primary        
pain 
Fasted Fed Primary    
measure 
Primary outcome 
       Bosley et al. 2004 PD adults Chronic N/A N/A Self-report Appetite impaired by  pain 
Drummond 1982 PD adults Headache  N/A Self-report Hunger precipitated headache 
Janke & Kozak 2012 PDOB adults Chronic - N/A Self-report Hunger/bingeing precipitated by pain 
Geha et al. 2014 PD adults Chronic X  Self-report Food hedonicity ratings  in PD 
Malick et al. 2001 PD adults Migraine N/A N/A Self-report Appetite  coincides with pain onset 
Martin & Seneviratne 1997 PD adults Headache  X Self-report Pain precipitated by hunger + NAFF  
Michalsen 2010 PD adults Chronic  X Self-report Pain  by fasting (200-500 kcal/day) 
Torelli & Manzoni 2010 PD adults Headache  N/A Self-report Hunger precipitates headache 
Tosun et al. 2014 SP Surgery  N/A Self-report Fast>12 hours,  pain after surgery 
 
N/A = not applicable. NAFF = negative affect.  PD = pain disorder. PDOB = pain disorder with obesity. SP = surgery patient. X = no;  = 
yes.  = increase;  = decrease. A dash indicates unreported or unclear. 
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Table 1D 
Authors Subjects Primary 
pain 
Primary measure Primary outcome 
     Abraham & Joseph 1986 ED Pressure Pain tolerance Pain tolerance  after vomiting \\\ 
Faris et al. 1992 ED Pressure Pain detection threshold Pain detection threshold  in ED  
Girdler et al. 1998 ED Ischemic Pain tolerance Pain tolerance  in ED 
Lautenbacher et al. 1990 ED Thermal Pain threshold Pain threshold  in ED 
Lautenbacher et al. 1991 ED Thermal Pain threshold Pain threshold  in ED 
Papezova et al. 2005 ED Thermal Pain tolerance Pain tolerance  in ED 
Pauls et al. 1991 ED Thermal Pain threshold Pain threshold  in ED 
Raymond et al. 1995 OBED Pressure Pain det. threshold Pain det. threshold  in OBED 
Raymond et al. 1999a ED Pressure Pain det. threshold Pain det. threshold  in bulimic episode  
Raymond et al. 1999b ED Pressure Pain det. threshold Pain det. threshold  in ED 
Stein et al. 2003 ED(F) Ischemic Pain tolerance Pain tolerance  in ED(F) 
Yamamotova et al. 2009 ED Thermal Pain threshold latency Pain threshold latency  in ED   
Geliebter et al. 2012 OB CP Eating desire Eating desire  following pain 
Gluck et al. 2004 OBED CP Eating desire Binge eating desire  following pain  
Gluck et al. 2014 OBED CP Grehlin concentration Grehlin  following pain 
McKendall & Haier 1983 OB Pressure Pain threshold Pain threshold  in OB 
Pradalier et al. 1981 OB Sural nerve Pain threshold Pain threshold  in OB 
Zahorska-Markiewicz et al. 
1983 
OB Electrical Pain threshold Pain threshold  in OB 
 
CP = cold pressor. Det. = detection. ED = eating disorder subject (anorexic or bulimic or binge eating disorder). (F) = former eating 
disorder. OB = obese subject. OBED = obese subject with comorbid binge eating disorder. \\\ = case study with one participant.  = 
increase;  = decrease.  
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Two of these studies found that fasting increased pain; Khasar et al (2003), and 
Pollatos et al (2012). This could be due to the experiment designs employed. Khasar et 
al deprived rats of food for 48 hours. They did not report the weight loss of the animals 
during this time, but other studies using 48 hour fasting paradigms have reported total 
body weight losses of 10.8 % (Kale et al. 2009) to 13.2 % (Li and Wassner 1981). The 
other studies fasted their subjects from 0 to 24 hours, which would not result in this 
amount of weight loss. A 48 hour fast also significantly increases glucocorticoid levels 
and abolishes the diurnal rhythm, suggesting increasing metabolic stress (Toth and 
Gardiner 2000). Possibly the genuine threat to homeostasis in the Khasar et al study 
renders their results only loosely comparable to the rest. It is not entirely clear why 
Pollatos et al found their unusual results. Their participants were fasted for almost 27 
hours, a longer stretch than the other studies, but only slightly. However, their 
participants reported a significantly more negative mood during fasting. Other studies 
have reported that inducing negative affect increases pain perception (Tang et al. 2008; 
Villemure and Bushnell 2009; Zelman et al. 1991); possibly the slightly longer than 
normal fasting time underlies the increase in pain perception, but it seems more likely 
that the significant increase in negative mood was responsible. 
The vast majority of studies found a significant behavioural effect of either 
feeding or hunger on pain, or vice versa. In studies reporting that pain does not 
significantly interfere with eating (Aloisi and Carli 1996; Foo et al. 2009; Foo and 
Mason 2005; LaGraize et al. 2004), feeding has taken precedence over even attending to 
pain. Similarly, some studies report that appetite or weight is lost throughout pain 
(Bosley et al. 2004; Chudler and Dong 1983; Geliebter et al. 2012; Leiphart et al. 2010; 
Malick et al. 2001); here, pain takes precedence over feeding, with food intake restored 
by effective analgesia (Shavit et al. 2005). A particularly intriguing physiological 
mechanism that could account for fasting and ingestion analgesia is the gastric branch 
of the vagal nerve. The vagal nerve is a large structure that begins in the medulla and 
divides further down to innervate several major areas, including the stomach, large 
intestine, and colon (Faiz and Moffat 2002; Guyton and Hall 2004). Manipulations of 
these sub-diaphragmatic branches can affect nociception. 
Activation of vagal afferents inhibits perception of several types of pain (Faris et 
al. 2006; Miao et al. 2003; Sedan et al. 2005). Sectioning the vagal nerve produces 
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markedly lowered pain thresholds (Chase et al. 1970; Gschossmann et al. 2002; 
Holtmann et al. 1998; Khasar et al. 1998); artificially electrically stimulating the sub-
diaphragmatic vagal nerve inhibits nociception (Chen et al. 2008; Randich and Gebhart 
1992). Vagal nerve afferents from the stomach are activated naturally when the stomach 
starts to fill (Laskiewicz et al. 2003; Schwartz 2000). Fasting may also potentiate 
nociception, but some of this effect also appears to be due to activation of vagal 
afferents. Vagal afferent activity increases during fasting (Szekely et al. 2000), and the 
increase in nociceptive responses during fasting is eliminated when the vagal nerve is 
cut (Khasar et al. 2003). It is not so simple, then, as activation of vagal afferents always 
suppressing pain. In line with this theory, different vagal afferents have been shown to 
produce either pro-nociceptive or anti-nociceptive activity (Gebhart and Randich 1992; 
Randich and Gebhart 1992). Activation of vagal afferents could feasibly partly explain 
the anti-nociceptive and pro-nociceptive effects of fasting and feeding in both healthy 
participants, and those with an eating disorder. 
 
1.8 Interim summary 
The relationship between appetite and pain is complex, with many potential moderators 
and shared brain areas. This thesis is intended to shed more light on the possibility of 
temporary pain suppression / reduction with appetitive stimuli, and / or manipulations of 
the homeostatic energy balance. While not directly relevant to chronic pain, due to the 
transient nature of the nociceptive stimuli and the absence of complicating 
psychological factors in healthy participants, the studies described hereafter give some 
indication of how interference with nociceptive processing may be possible. 
 
1.9 Research problems 
Thus far, it seems clear that there are several physiological mechanisms that could 
underlie an interaction between appetite and pain. What remains almost entirely 
unexplored is the neural basis of interactions between these homeostatic drives. To 
address this issue requires several stages, each utilising a within-subjects design. 
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Firstly, we must identify the fasting vs. satiation paradigm necessary to produce 
reliably dissimilar blood glucose and neural network measurements. This will be 
investigated simply with short resting state fMRI scans, one after a fast and the other 
following a meal, both preceded immediately by blood glucose measurements. Having 
established a suitable fasting and satiation paradigm, the next step is to investigate the 
effects of appetite on subjective pain perception and neural pain processing. Pain stimuli 
will be produced using a laser stimulator, which is capable of selectively activating 
nociceptive Aδ fibres. To further enhance hunger-pain interactions, we will present the 
pain stimuli concurrently with appetitive food photographs. Neural pain processing will 
be explored using the well-established method of high-density (128-channel) EEG 
recordings and source analysis. This will allow for an analysis of the temporal 
properties of the pain signal, as well as a limited investigation into the spatial sources. 
Next, to more thoroughly explore brain areas underlying the hunger-pain interaction 
under fasting and satiated conditions, we will use fMRI to map changes in functional 
connectivity between regions known to be involved in both pain and appetite. Finally, to 
confirm that appetitive stimuli across other modalities can also interact with pain 
processing, we will investigate the effect of food odour on nociception. 
 We hypothesise that fasting will suppress subjective and neural pain processing, 
and that visual and olfactory appetitive stimuli may augment such interference.  
 
1.10 Thesis chapters 
Chapter 2 describes the general methods and equipment utilised in the following 
experiments, with particular emphasis on EEG source analysis, functional magnetic 
resonance imaging (fMRI), and functional connectivity. 
Chapter 3 is a resting state fMRI study examining the effect of satiety and 
glucose on lateralised insula functional connectivity; Chapter 4 is a resting state fMRI 
exploration of hypothalamic functional connectivity under fasting and satiated 
conditions, and the relationship between such functional connectivity and deliberate 
restraint of eating. These studies were carried out to establish whether a relatively short 
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overnight fast was sufficient to produce robust effects on the resting state functional 
connectivity of homeostatically important brain areas in healthy participants. 
Chapter 5 is an EEG source analysis study, modelling cortical and sub-cortical 
sources involved in producing laser evoked potentials (LEPs) under conditions of 
fasting and satiation. Appetitive and non-appetitive visual stimuli were also presented, 
in order to further explore the effect of immediate contextual manipulation on pain 
processing when the homeostatic energy balance is manipulated. 
Chapter 6 is an event-related fMRI study, investigating the effects of fasting and 
satiation on brain activations to pain, and pain-evoked connections between brain areas 
cited frequently in pain and appetite studies. Incorporating both a subtraction and a 
functional connectivity analysis produces different results and answers different 
questions. A subtraction analysis can be used to identify distinct brain areas that are 
activated in response to the pain stimuli. It does not provide any measure of 
connectivity between the areas. A functional connectivity analysis can identify both 
connections and the strength of connections between predefined ROIs, even when the 
strength of connections is equal across conditions. For example, an area responding to 
pain equally strongly in both fasted and satiated conditions will not be identified by a 
simple subtraction analysis (Sommer 2002), but can still be a core component of the 
pain matrix. These analyses provide complementary answers to data interrogation, and 
it is therefore judicious to run them both. 
Chapter 7 is a behavioural study, investigating the effect of food and non-food 
odours on the perception of strong and weak pain under fasting and satiated conditions.  
Chapter 8 is the general discussion. The results of the experimental chapters are 
summarised, limitations are described, and suggestions for future research are 
presented. 
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Chapter 2 
 
General methods 
2.1 Questionnaires 
Several questionnaires were utilised in the studies reported in this thesis. Since 
participants were required to complete lengthy screening and pre-experiment setup 
procedures, validated and short versions of the questionnaires were employed wherever 
possible. 
 
2.1.1 Food and Activity Diary 
The food and activity diary was used for participants to record their meals, snacks, and 
any physical activities undertaken from 5pm the evening before a study session up until 
the start of the study session. It served both as a check that participants kept to the study 
restrictions regarding food / alcohol intake and strenuous exercise on the day before the 
experiment, and also that participants consumed and exercised roughly similar amounts 
before both sessions. There is always the possibility that participants would not be 
truthful when completing their diary, but it did provide a method for identifying 
participants who genuinely did not remember to stick to the study restrictions. 
 
2.1.2 Profile of Mood States (POMS) 
The POMS (McNair et al. 1971) is a 65 item questionnaire measuring mood 
disturbance, with good reliability (Boyle 1987). It assesses tension, depression, anger, 
fatigue, confusion, and vigour, and also includes some unrelated dummy items. It has 
been used successfully to evaluate mood changes over a variety of short interventions 
(e.g. Tang et al. 2007; Toro-Velasco et al.), including in the context of appetite (Wells 
et al. 1998). It was included here as other research has shown that mood can have 
significant effects on both eating behaviour (Gibson 2012; Jauch-Chara and Oltmanns 
2014), and pain experience (Jennings et al. 2014; Rainville et al. 2005; Stancak and 
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Fallon 2013; Stancak et al. 2013; Strobel et al. 2014). As all of the studies in this thesis 
used a paired design where participants completed the experiments twice, once when 
fasted and once when satiated, it was important to measure mood profiles and ensure 
that they did not differ between sessions. 
 
2.1.3 Three Factor Eating Questionnaire – Revised (TFEQR18) 
The TFEQR18 (Karlsson et al. 2000) is an 18 item questionnaire that measures 
cognitive restraint (deliberately restricting food intake to control weight), uncontrolled 
eating (loss of control over food intake), and emotional eating (eating in response to 
negative emotional states), and can successfully discriminate between different eating 
patterns in the general population (de Lauzon et al. 2004). It was included in the studies 
for post-hoc correlation analysis. No participants were excluded on the basis of their 
score; potential participants with a physician-diagnosed or self-diagnosed eating 
disorder were excluded during screening. 
 
2.1.4 Visual analogue scales 
Visual analogue scales (VAS) are the standard tools for measuring subjective appetite 
(Blundell et al. 2009). They are reliable and valid measures, especially within paired 
designs (Flint et al. 2000; Stubbs et al. 2000). In every experiment 100 mm VAS were 
used for participants to record their hunger, desire to eat, and prospective consumption 
(how much food they thought they could eat) at the start of the fasted sessions, and after 
eating breakfast during the fed sessions. 
 
2.2 Feeding paradigm 
Satiation is provoked by accumulating anorectic signalling as food is consumed 
(Bellisle et al. 2012). It is generally defined as being achieved when someone stops 
eating of their own accord, not when they stop merely because they have eaten all of the 
available food. Providing an ad libitum meal during the satiating session would have 
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more closely modelled real life eating behaviour, but due to the critical need for 
participants to feel full, we decided to make use of a standardised feeding regime 
whereby participants consumed around 26% of their recommended daily calorie 
allowance during breakfast. This standardised meal included items such as toast, 
cornflakes, and cereal bars, and requiring participants to eat all of it ensured that every 
participant reached a moderate to high level of satiation, as assessed by VAS responses.  
Had we provided an ad libitum meal, some participants would most likely have 
consumed a small breakfast which would not have allowed them to feel satiated right up 
to the end of the fed session. Knowing that food intake is being monitored prompts 
many participants to under eat (Robinson et al. 2014; 2015) 
 
2.3 Equipment 
2.3.1 Laser stimulator 
An Nd-YAP laser stimulator (Stim1340, El.En.) was used to produce the pain stimuli in 
Chapters 5 and 6. A spot size of 5 mm and a pulse duration of 3 ms reliably elicited a 
painful pricking sensation over the stimulated skin. Laser stimuli selectively activate 
nociceptive fibres (Lockwood et al. 2013; Treede 2003), without introducing the tactile 
sensations which are inherent when applying mechanical pain stimuli to the skin 
(Plaghki and Mouraux 2003). The sharp rise-time of laser stimuli enables time-locking 
of stimuli to evoked responses in the brain, making lasers ideal for use with EEG 
(Plaghki and Mouraux 2005). Lasers have been used to explore nociception with EEG 
and fMRI in a large number of studies. 
 
2.3.2 Electrical stimulator 
The DS7A general purpose electrical stimulator (Digitimer, Hertfordshire, UK) was 
used to produce the pain stimuli detailed in Chapter 7. It is capable of delivering 
transcutaneous nerve stimuli comprised of trains of electrical pulses. Using a train of 
three stimuli separated by 15 ms produced a subjective sensation of a single painful 
stimulus, which was scalable over a wide voltage range. 
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2.3.3 Olfactometer 
A custom-built olfactometer (Dancer Design, Wirral, U.K.) was used to deliver the 
olfactory stimuli described in Chapter 7. The olfactometer has eight separate channels 
made from fluorinated ethylene propylene (FEP) tubing, connecting the glass bottles 
containing the odours to a fitting on the participant head piece, which delivered the 
odours to approximately one cm below the nose. The fitting was comprised of two 
narrow-diameter FEP tubes, which directed the air flow birhinally. One glass bottle 
contained only odourless propylene glycol; this was pumped through continually to 
provide a flow of ‘clean air’, and was only interrupted by brief pulses of the 
experimental odours from other bottles. The odours themselves were dissolved in 
propylene glycol. This configuration allowed the odours to be embedded within the 
constant flow of clean air, in order to avoid participants sensing changes in air flow 
associated with odour presentations (Huart et al. 2012). Very similar setups have been 
utilised successfully in other experiments (Grabenhorst and Rolls 2009; Rolls et al. 
2003). 
 
2.4 Biological and physiological measures 
2.4.1 Blood glucose sampling 
In order to evaluate the effects of glycaemia on experimental results, the Accu-Chek 
Aviva Blood Glucose Meter system (Roche Diagnostics ltd., UK) was used to measure 
blood glucose levels before fasted sessions, and approximately 15 minutes after 
breakfast in fed sessions. This system is available over the counter for self-monitoring, 
and was selected due to its ease of use and experimentally demonstrated accuracy 
(Freckmann et al. 2012). 
 
2.4.2 EEG 
EEG is a method of recording electrical signals from the brain which are distributed 
across the scalp. The brain is never at rest; spontaneous electrical signals can be 
detected even during coma states (Young 2000). The source of the EEG signal is the 
27 
 
activity of groups of neurons distributed throughout the brain. Single neurons generate 
electrical potentials when sodium, potassium, calcium, and chloride ions are exchanged 
though the cell membrane. It is not possible to detect the activity of single neurons at 
the scalp; instead, EEG measures the electrical potentials emitted by large populations 
of neurons firing in synchrony. It is a non-invasive technique; recordings are made via 
electrodes placed on the surface of the scalp, with the aid of an electrolyte such as 
potassium chloride salt dissolved in water. The weak electrical signal detected over the 
scalp must be massively amplified before recording. The EEG system used in chapter 5 
was a 128-channel dense-array net of sponge electrodes (Electrical Geodesics Inc.), 
covering the entire vertex and back of the head, and much of the face (Figure 2). Signal 
detected at an individual electrode is not a pure ‘readout’ of electrical activity at that 
electrode; it is the difference in voltage between signal at that electrode and a reference 
electrode (Luck 2005a), usually (but not always) positioned over the vertex. 
 
 
 
 
Schematic of the 
128 electrode 
Geodesic sensor net. 
Electrode 17 is 
placed between the 
eyes, approximately 
1 cm above the 
bridge of the nose. 
Electrodes 126 and 
127 are cheek 
electrodes; 
electrodes 125 and 
128 sit also on the 
cheeks, ventrally 
and caudally to 126 
and 127. Electrode 
VREF is more 
commonly referred 
to as Cz. 
 
Figure 2  
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2.4.3 Laser-evoked potentials 
An event-related potential (ERP) is an electrical brain response to a stimulus (Luck 
2005a), whatever that stimulus might be. ERPs have been studied in a wide variety of 
contexts, and have been shown to be moderated by many physiological and cognitive 
manipulations. Of special interest in this thesis are potentials provoked by noxious laser 
stimuli: laser-evoked potentials (LEPs). 
 Applying a brief noxious laser pulse to the skin selectively activates Aδ fibres, 
myelinated axons which transmit fast pain signals to the spinal cord. While other types 
of painful stimuli such as heat, cold, and trauma can also activate Aδ fibres, laser 
stimuli do not contaminate the pain signal with additional somatosensory input. They 
therefore offer a considerable advantage over other methods in terms of stimulus purity. 
 Nociceptive laser stimuli, first utilised for pain research around 40 years ago 
(Carmon et al. 1976; Mor and Carmon 1975), generate the characteristic and highly 
reproducible waveform shown in Figure 3. 
 
 
 
Figure 3 Typical waveform of an 
LEP derived from electrode Cz 
(VREF in Figure 2). This 
waveform is taken from the grand 
averaged LEPs which were used 
to generate the source analysis 
described in chapter 5. The N1 
component (the small deflection 
on the strong negative part of the 
wave) is best observed over the 
temporal lobe contralateral to the 
application site of the laser 
stimuli. N2 and P2 are most 
prominent over the vertex. The 
times in ms quoted for each 
component are the typical timings 
reported in LEP studies. 
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Each of these LEP components (N1, N2, and P2) is susceptible to modulation. 
The amplitude of N1 is increased in conjunction with increasing pain intensity (Iannetti 
et al. 2005; Stancak et al. 2012), and appears to be enhanced by more salient noxious 
stimuli (Iannetti et al. 2008; Ronga et al. 2013). Modulations of N1 can reflect a change 
in attentional focus (Legrain et al. 2002). The magnitude of N2 has previously been 
shown to correlate strongly with perceived pain intensity (Iannetti et al. 2005), and is 
thought to reflect the degree of attentional capture by a salient stimulus (Iannetti et al. 
2008). The amplitude of the N2 LEP component is attenuated by distraction (Beydoun 
et al. 1993; Friederich et al. 2001; García-Larrea et al. 1997; Yamasaki et al. 1999), and 
enhanced by attention (Legrain et al. 2002). P2 is influenced by affect (Boyle et al. 
2008; de Tommaso et al. 2008; 2009; Ring et al. 2013), and represents cognitive 
processing of nociceptive stimuli (Lee et al. 2009; Mobascher et al. 2009; Wager et al. 
2006). Any of these components could be moderated by a competing appetitive drive: 
N1 and / or N2 by reduced saliency of the nociceptive stimuli; P2 by reduced cognitive 
processing of nociceptive stimuli. 
 
2.4.4 LEP source analysis 
Estimating the brain sources of LEPs requires solving the inverse problem: that 
activation in the brain could be the result of any of an essentially infinite number of 
combinations of different populations of neurons firing. There is no unique spatial 
solution for the voltage measurements across the scalp yields a vast array of data from n 
electrodes x n time points, and from each dipole modelling a source, which itself has the 
parameters of location (x, y, z), orientation angles of the pyramidal cells in the local 
grey matter, and strength (Grech et al. 2008). Previous research suggests using a 
minimum of 100 electrodes for reliable source analysis (Michel et al. 2004); after which 
the localisation accuracy plateaus. The signal itself is distorted by the brain tissue, 
cerebrospinal fluid (CSF), skull, and skin, which each have different electrical 
conductivity properties and must be modelled appropriately. In order to narrow down 
plausible source solutions from the data, it is necessary to impose some constraints on 
the model. Using results from similar paradigms in neuroimaging research, it is possible 
to estimate the number of sources contributing to the signal measured at the scalp. This 
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is usually a low number, with sources added to the model one by one until adding 
another does not significantly decrease the amount of residual variance. 
 Low Resolution Electromagnetic Tomography (LORETA; Pascual-Marqui et al. 
1994) is a commonly employed method of source localisation. It allows sources to be 
distributed throughout the whole brain, giving both deep and cortical sources the same 
chance of being reconstructed, and therefore offering a considerable advantage over 
other methods which preferentially model sources close to the cortical surface (Grech et 
al. 2008). As the ‘low resolution’ part of the LORETA name suggests, the reconstructed 
images of LORETA are somewhat blurry due to crosstalk between brain areas; an issue 
that is intensified if sources are spatially close (Liu et al. 2005). 
One evolution of the LORETA method is classical LORETA analysis 
recursively applied (CLARA; Hoechstetter et al. 2010). CLARA (as implemented in 
BESA 6.0, GmbH) begins with a regularised LORETA image. Iteratively, the image is 
smoothed and voxels with amplitudes of less than 1% of the maximum amplitude are 
eliminated from the analysis. This produces a LORETA image that contains the 
amplitude of each voxel’s activity. The resulting image shows activations far more 
circumscribed than are achievable with other source analysis methods, even when the 
sources are spatially close. For this reason, CLARA was used to localise the LEPs 
generated in the EEG study described in Chapter 5. 
 
2.4.5 Considerations of EEG 
There are many benefits to using EEG as an investigative tool. It has excellent temporal 
resolution, on the order of milliseconds, which is far superior to that of fMRI. This high 
temporal resolution renders EEG invaluable for exploring fast processing. It is also 
much less expensive than fMRI, and does not induce claustrophobia. It is silent, and 
does not require the use of the strong magnetic fields which necessitate the exclusion of 
participants with ferromagnetic implants from fMRI studies. 
 As noted in section 2.5.2, it is possible to accurately model brain areas 
contributing to an evoked brain response. However, while EEG is relatively inexpensive 
in financial terms, this type of modelling is hugely time consuming. It is also not 
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possible to be sure that activity in every brain region activated has been identified; some 
deeper parts of the brain are essentially invisible to EEG (Duyn 2012), as are areas 
curved in such a way that external electrical signals are cancelled out (Nunez et al. 
2000; Pacia and Ebersole 1997). 
There are other significant disadvantages to EEG. Many trials of stimuli from 
each experimental condition are required, since noise is generally greater than the signal 
of interest, and some trials will likely be rejected during the signal cleaning process 
(Hauk 2013; Luck 2005a; 2005b; 2014). The vast amount of trials required can make 
experiments very arduous for participants, and induce fatigue and boredom. It is unclear 
whether trials recorded towards the end of a long session measure the process of interest 
as reliably as trials recorded earlier on. 
Lastly, EEG is susceptible to artefacts caused by eye blinks, pulse, participant 
movements, jaw clenching, skin potentials, and spontaneous bad electrode contacts. It is 
possible to remove the voltage potentials caused by oculographic and cardiographic 
signals using principal components analysis (Berg and Scherg 1994), without creating 
too much distortion (Scherg et al. 2010), but there is no substitute for collecting clean 
data in the first place (Luck 2014). While obviously there is nothing to be done to 
suppress cardiographic signals, it is necessary to task participants with staying very still 
and minimising their eye blinking before and during stimulus presentation. This 
requires significant effort from participants. 
 
2.5 MRI 
2.5.1 Structural MRI 
MRI is a non-invasive technique used to image structures in the brain. The participant 
lies supine on the scanner bed, which is housed within a large, shielded, super-
conducting magnet, cooled by liquid helium. Water in the blood contains hydrogen 
molecules, which themselves contain protons. These protons align themselves and 
precess with the direction of the static magnetic field (B0) generated by the scanner, due 
to their magnetic properties. This is the state of longitudinal magnetisation. During 
scanning, a radiofrequency (RF) pulse is applied at a specific frequency (the ‘Larmor 
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frequency’), which causes the protons to be knocked out of their magnetic field 
alignment into a state of transverse magnetisation. When the pulse is switched off, the 
protons precess back to alignment with the magnetic field (a process known as 
longitudinal relaxation). The time taken for the protons to return from transverse 
magnetisation to 63 % realignment with B0 is the T1 (Pooley 2005). The RF pulse that 
shifts the protons into transverse magnetisation also causes them to precess in 
formation. When the pulse is switched off, the precession begins to dephase, due to 
inhomogeneities in the local magnetic field and transfer of energy between protons. The 
time taken for the transverse magnetisation to decay by 37 % is the T2 (Pooley 2005). 
Both percentages are based on an RF pulse inducing a 90° flip angle. The transverse 
magnetisation induces an electrical current in the RF receivers in the MRI head-coil, 
which is digitised, filtered to extract frequency and phase information, and stored for 
later reconstruction (Currie et al. 2013; Pooley 2005). 
 Grey matter, white matter, and CSF tissue types appear differently on MRI 
scans, due to the divergent percentages of water and fat. On a T1-weighted scan, white 
matter is bright, grey matter is grey, and CSF appears dark, with the opposite pattern for 
T2-weighted scans. Adjusting the time-to-repeat (TR) between RF pulses, and the time-
to-echo (TE) from RF pulse to signal detection allows switching from one weighting to 
the other; short TRs and short TEs produce a T1-weighted scan, long TRs and long TEs 
produce a T2-weighted scan (Nitz and Reimer 1999). T1 scans are used to image 
anatomical structures in high detail; T2 scans are more useful for detecting pathology, 
since CSF is often present in diseased areas due to destruction of grey or white matter. 
 
2.5.2 Functional MRI 
No brain ‘activation’ can be deduced from structural MRI scans; fMRI is used to 
produce images of brain activity. It is not a direct ‘readout’ of neuronal activity, though 
synaptic and blood oxygenation level dependent (BOLD) fMRI signals appear to be 
closely related (Logothetis et al. 2001; Ogawa et al. 2000; Rees et al. 2000). As a brain 
area uses oxygen and glucose due to task demands, there is an increase in deoxygenated 
haemoglobin in the area, which is paramagnetic (distorts the BOLD signal). 
Vasodilators are released (Attwell and Iadecola 2002), blood flow to the area increases 
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to keep up with oxygen and glucose demand, and this increase in blood flow leads to a 
reduction in deoxygenated haemoglobin and an increased level of oxygenated 
haemoglobin. The heightened oxygenation produces a localised increase in BOLD 
signal.  
The brain is modelled as a 3D space containing around 100,000 3D voxels of 
equal size, with each voxel containing its time series across the scan. Brain images 
themselves are comprised of slices which contain a uniform grid of data points. The 
voxel map of the 3D space therefore contains BOLD signal intensity changes over time, 
induced by the task or stimulus. The BOLD response is modelled as a convolution of 
the stimulus paradigm (the ‘design matrix’) with an HRF to produce a statistical 
parametric map. The map shows regions where the model accounts for significant 
variance in the BOLD signal time-course. 
 To track the origin of the BOLD signal, further gradients (magnetic fields) need 
to be applied. First, slices are selectively excited in turn with a narrow slice selection 
gradient (Figure 4, Y co-ordinate). Slices are usually separated by a few mm gap in 
order to prevent crosstalk between protons bordering the edges of slices, which would 
reduce contrast (McRobbie et al. 2006). Collecting interleaved slices (e.g. collecting all 
odd-numbered slices and then all even-numbered slices) is sometimes used to alleviate 
crosstalk (Hornak 2008; Lipton 2008). When the slice selection gradient is switched off, 
a second ‘phase encoding’ gradient (oriented perpendicularly to the slice selection 
gradient: Figure 4, X co-ordinate) is then applied to the selected slice. The phase 
encoding gradient encodes spatial information about the signal location. Its strength is 
variable over space, and the resonance frequencies of the protons along the axis are 
altered in accordance with the differences in field strength. The spatial resolution of the 
image is therefore directly proportionate to the number of different intensities of 
magnetic field applied by the phase encoding gradient (Bushong and Clarke 2015). 
When it is switched off, a final, uniform frequency encoding gradient is applied (Figure 
4, Z co-ordinate). Since the phase differentiation is preserved from the previous gradient 
application, the frequency encoding gradient enables the ‘read out’ of frequency 
information in columns along the X co-ordinate.  
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Pulse sequences can be used to focus on specific aspects of the image by 
modifying the RF frequency, the gradient durations and magnitudes, and combining 
frequency and phase encoding (Narasimhan and Jacobs 2002). Their information results 
in a matrix, k-space, with each point containing unique phase and frequency 
information (Blink 2010). Using the reverse Fourier transform, the k-space information 
can be constructed as a brain image. The brain image can also be deconstructed into k-
space (McGowan 2005). Comparison of the BOLD maps obtained under different 
experimental conditions can be used to identify condition-specific activations of cortical 
and sub-cortical brain areas. 
 
 
 
 
Figure 4 Left: a visual representation of the voxel grid that the k-space matrix covers; right: a 
T2 brain image. Each cube represents one voxel. Transforming signal from k-space to a brain 
image requires a reverse Fourier transform. The brain image can be transformed back to the grid 
via Fourier transform; both hold exactly the same information. The cube selected in blue is 
located at k-space Y (slice) = 5, X (phase) = 10, Z (frequency) = 4. 
 
2.5.3 Resting-state functional connectivity 
As described in section 2.3, the brain is never truly quiet. In the absence of any tasks, 
separate areas in the brain exhibit spontaneous synchronised activation, which constitute 
functionally connected networks. Functional connectivity is a measure of statistical 
association between the time-series of anatomically distinct brain areas (Friston 1994). 
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It does not imply that the areas are physically directly connected (Friston et al. 1996), 
and it is not possible to infer the direction of the relationship between the areas, i.e. 
which area exerts an influence on the other, since this is a correlational technique. 
Several networks are reliably observed when participants rest quietly in the 
scanner. The default mode network (DMN), first described over a decade ago (Raichle 
et al. 2001), has been extensively studied and found to be abnormal in a huge range of 
psychiatric and physical diseases. Networks such as the DMN can be identified using 
independent components analysis (ICA), a data-driven approach that assumes that 
signal is generated by statistically independent, spatially separated, temporally coherent 
sources (Calhoun and Adali 2006; Calhoun et al. 2009; Eickhoff and Muller 2015). 
Components of noise (physiological, head motion, scanner drift etc.) can be visually 
identified and discarded, and networks of functional connectivity can be compared 
across different experimental conditions in the same way as a traditional fMRI analysis. 
 Another approach to analysing resting state data is to use a seed-based method. 
Defining a region of interest (ROI) which is conceptually related to the topic of interest 
(for example, a hypothalamus seed in the context of appetite), it is possible to examine 
correlations between the BOLD signal of the seed and BOLD signal in other areas of 
the brain. Typical approaches are to look for correlated activity with the seed region 
across the whole brain, which is an assumption-free method with an entirely data-driven 
outcome; or to examine functional connectivity between two or more a priori defined 
seed ROIs. Again, the strength of the functional connectivity between the seed and other 
regions can be compared across experimental conditions. Since the participants included 
in the following studies were young and healthy, it seemed unlikely that a short 
overnight fast would induce significant changes in large-scale resting networks. The 
seed-based approach was therefore utilised for both resting-state studies. 
 
2.5.4 Task-induced functional connectivity 
Measures of functional connectivity are generally taken at rest, but have also been used 
to examine task-induced modulations of connectivity. This analysis method is relatively 
novel, and so there are few published studies utilising it. Those that do have made use 
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of simple designs, and include modelling alterations in functional connectivity during 
reading (Schurz et al. 2015), visual tasks (Goparaju et al. 2014), and working memory 
(Quide et al. 2013; Sala-Llonch et al. 2012). In Chapter 6, we present the results of an 
event-related fMRI study in which painful stimuli were applied under fasted and 
satiated conditions. The first analysis is a standard subtraction in a paired t-test design 
(pain + fasting > pain +satiety, and vice versa). The second analysis is an exploration of 
pain-induced functional connectivity under fasted and satiated conditions. Since this 
type of analysis is rare we modelled ours on the recently published work of Vatansever 
et al (2015), who employed the design most similar to ours and investigated functional 
connectivity changes induced by a finger movement paradigm. Using the same software 
toolbox ‘Conn’ (Whitfield-Gabrieli and Nieto-Castanon 2012) we followed their 
processing pipeline, using masks derived from brain atlases as ROIs, removing signal 
from white matter and CSF, adding realignment parameters as first level covariates, and 
defining individual trials as the onsets of the pain stimuli convolved with a canonical 
HRF. We then utilised a paired t-test at the group level to examine pain-induced 
changes in functional connectivity strength in our predefined ROI network under fasted 
and satiated conditions. 
 
2.5.5 Considerations of fMRI 
The main advantage of fMRI over EEG is its vastly superior spatial resolution, on the 
order of millimetres, though another huge benefit is that there are no sections of brain 
that are ‘invisible’ to fMRI. While there can be problems with signal drop-out in areas 
near to tissue-air interfaces, such as the OFC, changing the slice orientation (Deichmann 
et al. 2003; Ojemann et al. 1997), optimisation of TE (Domsch et al. 2013), applying a 
z-shim compensation gradient over the area of drop-out (Cordes et al. 2000; Du et al. 
2007), or using a combination of slice-dependent gradient compensation in all three k-
space directions, whereby the compensation gradients are optimised for each slice (Rick 
et al. 2010) can make a marked improvement in signal.  
Utilising fMRI is also far less time-consuming than source modelling EEG. The 
majority of fMRI studies use standardised techniques all the way through from 
preprocessing (cleaning) the data, to group level results analysis. On the whole, this 
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eliminates the need to adjust the analysis parameters. It also requires far fewer trials 
than EEG, due partly to a greatly reduced need for trial rejection. 
 A significant disadvantage of fMRI is the financial cost of scanning; each 
scanning session costs several hundred £ more than each EEG recording. Another issue 
can be participant claustrophobia, induced by the confined space of the scanner and the 
snug fit of the head coil. Participants must remain still throughout the experiment, 
which puts additional stress on participants, and restricts the length of experiments. 
Additionally, the use of the strong magnetic fields necessitates a very careful screening 
to rule out any potential participants who, knowingly or unknowingly, might have an 
MRI-unsafe implant or any ferromagnetic debris. 
 
2.6 Summary 
EEG and fMRI are complementary neuroimaging methods, each with much to 
recommend them, and with each compensating for the other’s drawbacks satisfactorily. 
Collecting both is therefore a logical way to obtain a more complete set of cortical 
observations, providing temporal and spatial acuity, albeit at separate times. 
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Chapter 3 
 
Differential effects of hunger and satiety on insular cortex functional 
connectivity 
 
This experiment investigated the effects of manipulations of the homeostatic energy 
balance on insular cortex functional connectivity. 
It is published in the European Journal of Neuroscience (2016), doi: 10.1111/ejn.13182. 
The format and parts of the content have been altered to match the style of the thesis. 
The roles of the co-authors are summarised below: 
I designed the study in collaboration with Andrej Stancak. Xiaoyun Li and Rebecca 
Crookall assisted with the data collection. Andrej Stancak and Nicholas Fallon provided 
training on the data analysis. I analysed the data, interpreted the results, and wrote the 
manuscript. Xiaoyun Li, Rebecca Crookall, Nicholas Fallon, Timo Giesbrecht, Anna 
Thomas, Joanne Harrold, Jason Halford, and Andrej Stancak contributed useful 
comments on the manuscript. 
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3.1 Abstract 
Insula cortex is implicated in eating behaviour, and contains receptor sites for peptides 
and hormones controlling energy balance. It encompasses multi-functional subregions, 
which display differential anatomical and functional connectivities with the rest of the 
brain. The study aimed to analyse the effect of fasting and satiation on the functional 
connectivity profiles of left and right anterior, middle, and posterior insula. We 
hypothesised that the profiles would be altered alongside changes in homeostatic energy 
balance. 
 Nineteen healthy participants underwent two 7-minute resting state functional 
magnetic resonance imaging scans, one when fasted and one when satiated. Functional 
connectivity between the left posterior insula and cerebellum / superior frontal gyrus 
was stronger during fasting, while functional connectivity between the right middle 
insula and default mode structures (left and right posterior parietal cortex, cingulate 
cortex) was stronger during satiation. Differences in blood glucose levels between the 
scans contributed to increased functional connectivity between the left posterior insula 
and superior frontal gyrus during fasting, but did not contribute to increased functional 
connectivity between right middle insula and default mode structures during satiety. 
 The results suggest that the left posterior insula forms part of a circuit prompting 
eating when there is an acute deficit in the homeostatic energy balance, whilst right 
middle insula contributes to the default mode network when satiated. They provide 
evidence of a lateralised dissociation of insula responses to energy modulations. 
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3.2 Introduction 
Human eating behaviour is determined and influenced by a wide array of internal and 
external factors. The key motivation is hunger, which (at least in lean individuals) 
results from a complex interplay between neurochemical compounds, and signalling 
from homeostatically related brain structures. However, the neural basis of homeostatic 
networks which drive us to eat requires further elucidation in humans. This is an 
essential step in understanding dysfunction in appetite regulation that may lead to 
conditions such as obesity. Insular cortex is a logical region of interest for such a 
network, since it responds to both orexigenic and anorectic compounds (Schloegl et al. 
2011), and is reported as a prominent activation in appetite imaging studies. 
 The insula is not a homogenous region of cortex. Numerous studies have 
revealed functional subdivisions, with anterior insula predominantly involved in 
attentional / emotional processing, and posterior insula in sensorimotor tasks (Cauda et 
al. 2011; 2012; Chang et al. 2013; Deen et al. 2011; Kelly et al. 2012; Kurth et al. 2010; 
Stephani et al. 2011). Middle insula is less explored, but is reported to contribute to 
olfactory / gustatory processing (Kurth et al. 2010) and interoception (Kelly et al. 2012; 
Simmons et al. 2013). In terms of structure, cytoarchitectonic investigation of insula 
cortex has revealed three insula subregions; one agranular (anterior), one dysgranular 
(intermediate), and one granular (posterior) in both primates (Mesulam and Mufson 
1985) and humans (Bonthius et al. 2005). 
 Regarding appetite, anterior insula constitutes part of primary taste cortex and 
contains neurons responding to a variety of tastes and textures (Rolls 2006; Verhagen et 
al. 2004). Mid-insula contains neurons coding for taste intensity (Small et al. 2003), is 
activated in response to visual food stimuli (Schur et al. 2009; Tang et al. 2012), and is 
implicated in food craving (Pelchat et al. 2004). Posterior insula is activated when 
people deliberately induce food craving by imagining the taste and smell of food (Siep 
et al. 2012), in response to visually presented food stimuli (Britton et al. 2006), and to 
consumption of highly palatable substances (Bohon and Stice 2011). 
 There is also limited evidence of functional insula lateralisation in the context of 
appetite and food stimuli, with two recent meta-analyses indicating greater involvement 
of right insula cortex (Kurth et al. 2010; Tang et al. 2012), while another reported more 
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involvement of left insula (Kelly et al. 2012). The lack of consensus regarding insula 
lateralisation and appetite could feasibly be due to the extensive array of experimental 
designs and stimuli employed between studies. 
 The current study was designed to investigate appetite-induced functional 
connectivity changes in anterior, middle, and posterior seeds in left and right insula, 
using resting state fMRI. Resting state refers to a paradigm whereby participants lie 
quietly in the scanner without performing any tasks. Functional connectivity measures 
track temporal correlations in blood oxygen level dependent fluctuations between brain 
areas, allowing for the identification of coherent brain area networks. We hypothesise 
that the seeds will exhibit differential patterns of functional connectivity depending on 
participants’ satiation. 
 
3.3 Methods 
3.3.1 Participants 
Safety screening was carried out by a radiographer, and an additional thorough medical 
screening was completed by the experimenter. Nineteen healthy Caucasian volunteers 
(nine male) with a normal body mass index (World Health Organization 2006) took part 
in this study. The average age of the participants was 24.8 ± 3.8 (mean ± SD). 
Participants gave their written informed consent and the study was conducted in 
accordance with the Declaration of Helsinki. Local ethical approval was obtained from 
the University of Liverpool Research Ethics Committee. 
 
3.3.2 Procedure 
Participants attended two sessions, separated by 9.2 days ± 4. On the day before both 
sessions, participants were reminded not to exercise more than they would normally, 
and not to eat or drink anything but water after midnight. Compliance was assessed 
using diary entries and blood glucose testing upon arrival at the imaging facility at 9.30 
or 10 am.  
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Session order was counterbalanced across participants. For the fasted session, 
they completed the MRI scans after a minimum of a 9.5 hour overnight fast. For the fed 
session they were given a fixed load breakfast after their overnight fast, and then 
completed the MRI scans after a short (approximately 20 minutes) delay. The total 
energy content of the fixed load breakfast was 531 kcal (26.55 % of the recommended 
daily intake) for females and 670 kcal (26.8 % of the recommended daily intake) for 
males, and consisted of cornflakes, semi-skimmed milk, toast, margarine, strawberry 
jam, and orange juice.  
Measures of hunger, desire to eat, and prospective consumption (how much food 
could potentially be eaten) were taken using 100 mm VAS (Stubbs et al. 2000) 
immediately prior to the MRI scans in both sessions. Blood glucose samples were 
obtained using a handheld blood glucose monitor (Model: Accu-Chek Aviva, Roche 
Diagnostics Ltd., West Sussex, UK) immediately prior to the completion of the VAS. 
The POMS (McNair et al. 1971) was employed to measure participants’ mood before 
the scans in both sessions. 
 
3.3.3 Image acquisition 
Scans were undertaken using a whole-body Siemens Trio 3T scanner (Siemens, 
Erlangen, Germany) with an eight-channel radiofrequency head-coil. Foam padding was 
used to restrict head movement. A T2-weighted sequence was used to acquire functional 
resting state images covering the whole brain (32 axial slices), TR = 2000 ms, TE = 30 
ms, slice order = interleaved ascending, flip angle = 90°, field of view = 192 mm, slice 
thickness = 3.5 mm (0.7 cm gap), voxel size at acquisition = 3.0 x 3.0 x 3.5 mm. 
In the scanner, participants were asked to relax, close their eyes, and refrain 
from falling asleep. After the scan they were asked to recall what they were thinking 
about during the scan, and give a rating between 1 (‘not at all’) and 7 (‘constantly’) in 
response to the question ‘How much were you thinking about eating or food?’. 
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3.3.4 Data analysis 
SPM8 (UCL, UK: www.fil.ion.ucl.ac.uk/spm) running on Matlab version R2012a 
(MathWorks Inc., Natick, MA) was used to preprocess the data. Images were first slice-
timing corrected, then realigned to the first slice and unwarped, normalised to the 
template echo planar imaging (EPI) image, and smoothed using an 8 mm full width half 
maximum Gaussian kernel. 
 Preprocessed images were imported to the functional connectivity toolbox 
‘Conn’ v.13 (www.nitrc.org/projects/conn; Whitfield-Gabrieli and Nieto-Castanon 
2012). The grey matter, white matter, and cerebrospinal fluid masks were produced by 
segmenting SPM8’s template EPI image using the segmentation routine in SPM8. No 
‘partition clean-up’ was performed, and the ICBM European brains template was used 
for affine regularisation.  
Seed masks were produced using MarsBaR (http://marsbar.sourceforge.net/; 
Brett et al. 2002). A study on functional differentiation within human insula (Cauda et 
al. 2011) was used to define left and right anterior, middle (called ‘transitional zone’ in 
the original paper), and posterior insula seeds for the current analysis. Each seed is 
comprised of multiple 5 mm
3
 clusters, shown in Figure 5 and detailed in Table 2. Grey 
matter, white matter, cerebrospinal fluid, and seed masks were resliced to match the 
image dimensions of the preprocessed functional images. 
 
 
Figure 5 Axial (middle) and sagittal (left and right) views of a randomly selected participant’s 
T1 scan, with anterior insula (magenta), middle insula (yellow), and posterior insula (green) 
seeds overlaid. L = left; R = right. 
L R 
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Seed 
 
 
 
Clusters 
Left 
 
X 
 
 
Y 
 
 
Z 
 
 
Cluster k 
Right 
 
X 
 
 
Y 
 
 
Z 
 
 
 
Cluster k 
          
Ant. Ins. 1 
 
2 
-34.5 
 
-36.5 
12.5 
 
4.5 
-2.5 
 
-3 
- 
 
- 
34.5 
 
38.5 
12.5 
 
5.5 
-2.5 
 
-2.5 
- 
 
- 
          
 3 
 
4 
 
5 
-30.5 
 
-32.5 
 
-30.5 
18.5 
 
9 
 
9 
5.5 
 
5 
 
11.5 
- 
 
- 
 
936 
34.5 
 
36.5 
 
32.5 
16.5 
 
7 
 
9 
5.5 
 
5 
 
11.5 
- 
 
- 
 
864 
          
Mid. Ins. 1 -36.5 -.05 4.5 - 38.5 -0.5 4.5 - 
          
 2 -34.5 -3 11 432 34.5 -3 11 432 
          
Post. Ins. 1 
 
2 
 
3 
-36.5 
 
-36.5 
 
-34.5 
-7.5 
 
-10 
 
-13 
-3.5 
 
4 
 
10 
- 
 
- 
 
648 
36.5 
 
38.5 
 
34.5 
-4.5 
 
-8 
 
-11 
-3 
 
4 
 
10.5 
- 
 
- 
 
648 
          
 
Table 2 Co-ordinates of the individual 5 mm3 clusters defined by Cauda et al (2011), grouped 
into left or right anterior insula seed (Ant. Ins.), middle insula seed (Mid. Ins.), or posterior 
insula seed (Post. Ins.). Co-ordinates were given in Talairach space in the original paper; those 
presented here have been transformed into MNI space using the Matlab script ‘tal2mni’ (Brett 
2001), and rounded up or down to the nearest 0.5 mm. Cluster k refers to the number of voxels 
overall within left or right anterior, middle, and posterior insula seeds. 
 
 
Individual participants’ realignment parameter files were added as first level 
covariates. Data were initially bandpass filtered from 0.008-0.09 Hz in order to remove 
noise and low frequency drift. Finally, signal from white matter and CSF was entered as 
confounds and removed using linear regression. 
Remaining data were entered into first-level analysis in a paired t-test design. 
Individual seed-to-voxel connectivity maps for each seed and each participant were 
generated separately for the fasted and fed sessions. For second-level analysis, one-
sided t-tests were employed to examine changes in seed-to-voxel connectivity between 
sessions. Seed connectivities were analysed concurrently, and the results were 
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thresholded at p < .05 FWE corrected in order to account for multiple comparisons. 
Glucose scores were entered as a second-level covariate, expressed as a function of Δ 
(difference) between the sessions. 
Figures 5 and 6 were produced using xjView v.8.12 
(www.alivelearn.net/xjview8/) and MRIcron (www.nitrc.org/projects/mricron; Rorden 
et al. 2007). 
 
3.4 Results 
3.4.1 Self-report measures and glycaemia 
In comparison to the fed session, during the fasted session participants reported feeling 
significantly more hungry (mean increase of 53.46 ± 18.5 on the VAS; t (18) = 12.53, p 
< .001) before the scan, and more distracted by thoughts of food or eating (t (18) = 4.31, 
p < .001) during the scan. Participants also recorded significantly lower blood glucose 
levels before the fasted scan (mean fasted reading = 5.07 mmol/L ± .35; mean fed 
reading = 6.79 mmol/L ± .72; t (18) = -10.58, p < .001). The POMS scores were not 
significantly different between sessions (t (18) = -1.54, p > .05). 
 
3.4.2 Functional connectivity 
When participants were fasted, we observed enhanced functional connectivity between 
left posterior insula and right superior frontal gyrus (SFG), and between left posterior 
insula and left cerebellum (Figure 6A). When participants were fed, they exhibited 
enhanced functional connectivity between right mid-insula and left inferior parietal 
cortex (IPC), right IPC, and cingulate cortex (Figure 6B). The MNI co-ordinates and t-
scores are shown in Table 3. 
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Fasted > Fed      
Seed Cluster Cluster MNI 
x, y, z (mm) 
K T      
(1, 18) 
P-FWE 
cluster 
LPI SFG 16  50  50 142 5.72 0.03 
 Cerebellum -26 -80 -38 208 4.72 0.004 
Fed > Fasted      
Seed Cluster Cluster MNI   
x, y, z (mm) 
K T 
(1,18) 
P-FWE       
cluster 
RMI Cingulate 2 -38  38 206 5.02 0.004 
 L IPC -40 -54  48 236 5.05 0.002 
 R IPC 38 -68  42 302 6.85 0.0003 
 
Table 3 MNI = Montreal Neurological Institute. K = cluster size (voxels). FWE = family-wise 
error. LPI = left posterior insula. RMI = right middle insula. SFG = superior frontal gyrus. L 
IPC = left inferior parietal cortex. R IPC = right inferior parietal cortex. MNI co-ordinates refer 
to the peak activated voxels. 
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Figure 6 Slice locations (horizontal blue slices), insula seeds, and connectivity maps 
superimposed over the brain-extracted template in MRIcro. The seeds shown in Figure 5 are 
displayed again here, with magenta for anterior insula, yellow for middle insula, and green for 
posterior insula. The activations circled show altered functional connectivity with their 
respective seeds under conditions of fasting and satiety. Panel A shows seeds and functional 
connectivities for the contrast fasted > fed; panel B shows seeds and functional connectivities 
for the contrast fed > fasted. L = left; R = right. AI = anterior insula; MI = mid insula; PI = 
posterior insula. CER = cerebellum. SFG = superior frontal gyrus. IPC = inferior parietal cortex. 
PCC = cingulate cortex. 
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3.4.3 Covariates 
The enhanced functional connectivities between left posterior insula and SFG, and right 
middle insula and posterior cingulate cortex (PCC), disappeared when glycaemia was 
added as a second level covariate. Correlations between Δ functional connectivities and 
Δ glycaemia for the connectivities between left posterior insula and SFG, and right 
middle insula and cingulate cortex are shown in Figure 7, the top graphs of panels A 
and B respectively.  
In order to ascertain whether this finding indicates that the augmented 
connectivities were at least partially related to differences in blood glucose levels across 
sessions, or whether the glycaemia measure is just a proxy for a measure of appetite, 
correlations between functional connectivities and blood glucose were computed 
separately for the fasted and fed conditions. These results are shown in the middle and 
lower graphs of Figure 7. Only one is significant: the correlation between left posterior 
insula and SFG connectivity and blood glucose during the fasted condition (panel A, 
middle graph). Therefore only left posterior insula to SFG functional connectivity is 
truly related to blood glucose levels; the right middle insula to cingulate cortex 
connectivity changes are influenced by satiety status. 
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Figure 7 ∆ (difference) correlations between functional connectivities and the glycaemia 
covariate. Δ refers to the difference in connectivity and glycaemia scores between the fasted and 
fed conditions. Panel A: top graph y axis is ∆ connectivity between sessions from left posterior 
insula (LPI) to SFG correlated with Δ glucose; middle graph is the correlation between LPI-
SFG functional connectivity and blood glucose in the fasted session; lower graph is the 
correlation between LPI-SFG functional connectivity and blood glucose in the fed session. 
Panel B: y axis is ∆ connectivity between sessions from right middle insula (RMI) to posterior 
cingulate cortex (PCC) correlated with Δ blood glucose; middle graph is RMI-PCC connectivity 
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correlated with blood glucose in the fasted session; lower graph is RMI-PCC connectivity 
correlated with blood glucose in the fed session. 
 
 
3.5 Discussion 
During the fasted session, left posterior insula displayed enhanced connectivity with 
cerebellum and right SFG. Posterior insula has been shown to be activated during 
hunger (Tataranni et al. 1999), deliberately induced food craving (Siep et al. 2012), in 
response to a preferred food odour (Bragulat et al. 2010), and on receiving an appetitive 
drink (Bohon and Stice 2011), and represents a wide range of homeostatically-related 
sensations in addition to hunger, such as thirst, dyspnoea, and pain (Craig 2002; 2003a). 
 Cerebellum contains a dense population of leptin receptors (Burguera et al. 
2000; Couce et al. 1997; Harvey 2003; 2007; London et al. 2011), is activated during 
hunger (Tataranni et al. 1999), and exhibits significant decreases in activation after 
feeding (Del Parigi et al. 2002; Gautier et al. 2000; 2001; Haase et al. 2011). The 
enhanced functional connectivity seen between left posterior insula and cerebellum 
suggests a homeostatic circuit motivating food ingestion after fasting. 
The SFG is part of a frontal network that represents the motivational or reward 
value of different foods (Hare et al. 2009; Killgore et al. 2003). It has been frequently 
theorised to be involved in inhibiting approaches to food (Batterink et al. 2010; 
DelParigi et al. 2007; Gautier et al. 2000; McCaffery et al. 2009; Tataranni et al. 1999), 
and is also activated in response to appetitive stimuli when participants are fasted 
(Burger and Stice 2011; Malik et al. 2011; Martens et al. 2013). It therefore appears to 
serve a dual purpose, motivating either approach to food or restraint from eating, 
according to the homeostatic energy balance. While we did not present any appetitive 
stimuli, participants nevertheless reported experiencing significantly more thoughts 
about food or eating during the fasted session scan, raising the possibility that their 
thoughts acted as appetitive stimuli. 
The enhanced connectivity between posterior insula and SFG during the fasted 
session was abolished when glycaemia was added as a covariate. During the fasted 
session posterior insula-SFG connectivity was significantly negatively correlated with 
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blood glucose, providing support for the theory that it is glycaemia and not merely 
hunger that had an effect on the functional connectivity. Taken together, the results 
suggest that fasting-induced alterations in functional connectivity appear to be related to 
alleviating an acute homeostatic energy deficit. 
During the fed session, right mid-insula was more strongly functionally 
connected to left and right IPC, and to PCC. Many studies have cited left IPC, right 
IPC, and PCC as being part of the default mode network (DMN: Fox et al. 2005; 
Fransson 2005; Greicius et al. 2003; Laird et al. 2009; McFadden et al. 2013; 
McKiernan et al. 2003; Vincent et al. 2006). The DMN activations represent the ‘resting 
state’ of the brain, deactivating in response to task demands. It appears to underlie self-
referential and memory-related processes, with memory consolidation (Miall and 
Robertson 2006), remembering and thinking about the future (Buckner and Carroll 
2007), and mind-wandering (Mason et al. 2007) being among the observed functions of 
the DMN. 
 Other functional connectivity studies report resting state connectivity between 
insula and areas of DMN (Li et al. 2012b; Liang et al. 2013; Taylor et al. 2009; Zou et 
al. 2009). While research has demonstrated the involvement of mid-insula in feeding 
behaviour (Li et al. 2012a; Small et al. 2001), and some association between DMN 
activity and obesity (Kullmann et al. 2012; McFadden et al. 2013; Tregellas et al. 2011), 
it is likely in the context of the current study that its enhanced functional connectivity 
with DMN areas has more to do with introspective processes, since the homeostatic 
energy balance had already been restored. That glycaemia is not significantly correlated 
with changes in middle insula functional connectivity adds weight to this notion. Mid-
insula has previously been cited as a region strongly associated with interoception 
(Kelly et al. 2012; Simmons et al. 2013), and in the current study with healthy 
participants, the enhanced mid-insula to default mode structures connectivity was 
accompanied by a reduction in self-reported thinking about food and eating. 
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3.5.1 Limitations 
Blood glucose samples were obtained using a handheld blood glucose monitor, and as 
such, serum samples are not available for further analysis. Blood glucose sampling was 
included initially as a crude verification of clear differences between the fed and fasted 
states. Ultimately it proved a much more important measure than originally anticipated, 
and taking a comprehensive profile of blood serum may well have provided additional 
interesting results. However, some inferences regarding commonly studied appetite-
related hormones can be drawn on the basis of other research using similar designs and 
healthy weight participants. 
Alterations in free leptin levels are associated with activation changes in insular 
cortex and other homeostasis-related brain areas (Farr et al. 2014; Olivia et al. 2014). 
However, leptin has previously been shown to remain at a stable level for at least 2 
hours after a test meal (Carlson et al. 2009; Korbonits et al. 1997), and only begins to 
fall significantly after around 16 hours of fasting. Both these timing parameters exceed 
those utilised in the present study (minimum 8 hour fast; scanned approximately 20 
minutes after breakfast), and therefore it seems unlikely that changes in leptin were a 
factor in our results.  
Feeding has a more acute effect on ghrelin release; the levels appear to be 
significantly decreased approximately 20 – 30 minutes after a test meal (Carlson et al. 
2009; Carroll et al. 2007). Insulin concentration is significantly increased from baseline 
fasting levels approximately 15 minutes after a test meal, and does not begin to drop 
noticeably for at least 30 minutes (Carlson et al. 2009; Carroll et al. 2007). Both 
compounds are associated with the modulation of insula cortex activation (Berthoud 
2011; Li et al. 2012a; Malik et al. 2008; Schloegl et al. 2011; Wang et al. 2008a), and 
both exhibit peak changes in concentration at around the length of time after a meal that 
our participants were being scanned. It is therefore likely that there are unaccounted for 
additional hormonal factors influencing or being influenced by changes in these 
functional connectivities. 
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3.5.2 Conclusion 
Insula functional connectivity patterns are altered by changes in the homeostatic energy 
balance, with left posterior insula connectivity part of a circuit motivating feeding 
behaviour. Further research could examine insula connectivity differences between lean 
and obese participants; possibly a failure to decrease functional connectivity between 
posterior insula and SFG would be found in obesity. If so, this could represent a new 
target for interventions. 
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Chapter 4 
 
The Effect of Appetite on Lateralised Hypothalamic Functional Connectivity 
 
This experiment investigated the effects of manipulations of the homeostatic energy 
balance on hypothalamic functional connectivity, and the relationship between resting 
state hypothalamic connectivity, eating habits, and BMI. 
It was under review in PLoS One at the time of this thesis submission, but at a 
reviewer’s request its contents have since been incorporated into the European Journal 
of Neuroscience article presented in Chapter 3.  
The roles of the co-authors are summarised below: 
I designed the study in collaboration with Andrej Stancak. Xiaoyun Li assisted with the 
data collection. Andrej Stancak and Nicholas Fallon provided training on the data 
analysis. I analysed the data, interpreted the results, and wrote the manuscript. Xiaoyun 
Li, Nicholas Fallon, Timo Giesbrecht, Anna Thomas, Joanne Harrold, Jason Halford, 
and Andrej Stancak contributed useful comments on the manuscript. 
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4.1 Abstract 
As the obesity epidemic continues, there is no definitive explanation for why some 
people become overweight while others do not. It is possible that differences in neural 
connectivity might be a risk factor for becoming overweight.  
Hypothalamus is the chief brain region for control of eating behaviour, and is 
anatomically and functionally connected with a number of homeostatic brain regions. 
To shed light on the role of hypothalamus in controlling brain activity during fasting 
and satiation, we took left and right hypothalamus as seeds and, using resting-state 
fMRI, mapped changes in their functional connectivity induced by alterations in the 
homeostatic energy balance. Glycaemia, mood, hunger, and TFEQR18 data were also 
collected. Eighteen healthy weight people (9 male) participated. 
Following satiety, there was enhanced functional connectivity between right 
hypothalamus and superior parietal cortex. During fasting we observed enhanced 
functional connectivity between left hypothalamus and right inferior frontal gyrus, 
which was negatively correlated with body mass index. Further, a significant proportion 
of the variance in BMI could be accounted for by the fasting functional connectivity 
between left hypothalamus and inferior frontal gyrus. 
These areas appear to form a homeostatic energy balance network related to 
cognitive restraint of eating; preventing overeating when energy is depleted, and ending 
feeding or transferring attention away from food upon satiation. Further research is 
necessary to explore the function of this homeostatic mechanism and its relationship to 
the risk of being overweight. 
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4.2 Introduction 
A major proportion of adults in the western world are overweight, with some 
researchers postulating an alarming increase in obesity rates over the coming decades 
(Bibbins-Domingo et al. 2007; Finkelstein et al. 2012; Wang et al. 2008b). 
Understanding risk factors for becoming overweight is therefore vital for improving 
public health and controlling health spending. We live in an ‘obesogenic environment’ 
(Berthoud 2012; Chaput et al. 2011; Lake and Townshend 2006). Some people can 
resist appetitive food cues, while other people have difficulty doing so (Loeber et al. 
2013; Ouwehand and Papies 2010); possibly, differences in neural connectivity have a 
role to play (Passamonti et al. 2009). An examination of changes in functional brain 
connectivity in response to appetite manipulations could help to shed some light on this 
question. 
Homeostatic energy balance is maintained by a variety of brain structures, most 
notably the hypothalamus (Frank et al. 2012; Schloegl et al. 2011; Schneeberger et al. 
2014). Hypothalamus is a target for a variety of neurochemical compounds, both 
anorectic and orexigenic (Kageyama et al. 2012; Little et al. 2014; Menyhert et al. 2006; 
Merchenthaler et al. 2010; Morton 2007; Sakurai 2003; Schloegl et al. 2011; Valassi et 
al. 2008; Williams et al. 2000). It plays a crucial role in food intake (Grill and Kaplan 
2002; Palkovits 2003), and is extensively involved in homeostatic metabolic regulation 
(Carey et al. 2013; Coll and Yeo 2013; Kilpatrick et al. 2014; Zhang et al. 2013; Zhou 
and Rui 2013). Eating (Thomas et al. 2015), and glucose (Flanagan et al. 2012; Little et 
al. 2014; Matsuda et al. 1999; Page et al. 2013; Smeets et al. 2005; 2007) or insulin 
administration (Kullmann et al. 2012) exert significant suppressive effects on the BOLD 
signal within the hypothalamus. 
Hypothalamus is physically connected to other areas involved in maintaining the 
homeostatic energy balance: cerebellum (Zhu and Wang 2008), brainstem (Berthoud 
2012; Grill 2006; Purnell et al. 2014; Suzuki et al. 2012), insula (Lemaire et al. 2011), 
thalamus (Colavito et al. 2014; Keifer Jr et al. 2015; Lemaire et al. 2011), and prefrontal 
cortex (Barbas et al. 2003; Groenewegen and Uylings 2000; Rempel-Clower and Barbas 
1998). Brainstem receives direct projections from the gastrointestinal tract (Browning 
and Travagli 2010; Suzuki et al. 2012), and projects directly on to hypothalamus 
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(Blouet and Schwartz 2010); reduced integrity of white matter tracts in the brainstem is 
associated with increased body mass index (Verstynen et al. 2012). Cerebellum 
(Tataranni et al. 1999) and insula (Bragulat et al. 2010; Hinton et al. 2004; Li et al. 
2012a; Malik et al. 2011; Tataranni et al. 1999; Teh et al. 2010) show increased 
activation during hunger, as does thalamus (Li et al. 2012a; Page et al. 2013; Teh et al. 
2010). Satiation prompts an increase in prefrontal cortex activation (Thomas et al. 
2015), as does purposefully suppressing food desire (Giuliani et al. 2014; Hollmann et 
al. 2012; Yoshikawa et al. 2014) and successfully dieting (DelParigi et al. 2007), while 
reduced grey matter volume in prefrontal cortex is related to future increase in BMI 
(Yokum et al. 2012). These results suggest a top-down modulation of eating by 
prefrontal cortex. 
 Most studies do not distinguish between right and left hypothalamus, but some 
lateralised results have been reported. Left hypothalamus is sometimes found to be 
related to affect (Agroskin et al. 2014; Cerqueira et al. 2008; Kulkarni et al. 2005), 
though it has been shown to be smaller in anorexia patients (Titova et al. 2013), and 
modulated by leptin (Rosenbaum et al. 2008). Right hypothalamus seems more related 
to homeostatic appetitive processing, demonstrating activation to visual food stimuli 
(Rosenbaum et al. 2008), especially those depicting food with a high energy content 
(van der Laan et al. 2011), or following weight loss in obesity (Hinkle et al. 2013). It is 
at least partially responsible for the anorectic response to acute nicotine administration 
(Kroemer et al. 2013), and its functional connectivity is modulated by leptin (Hinkle et 
al. 2013).  
The current study was designed to investigate appetite-induced resting state 
functional connectivity changes in the hypothalamus using fMRI. We hypothesise that 
right and left hypothalamus will exhibit differential patterns of functional connectivity 
depending on participants’ satiation, with alterations in connectivity reflecting 
engagement of areas crucial for maintaining homeostatic energy balance. 
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4.3 Methods 
4.3.1 Participants and procedure 
Nineteen healthy participants (nine male) aged 24.8 ± 3.8 (mean ± SD) volunteered for 
this study. One was later excluded, due to their BMI falling outside the predetermined 
healthy range for the study. Participants gave their written informed consent and the 
study was conducted in accordance with the Declaration of Helsinki. Local ethical 
approval was obtained from the University of Liverpool Research Ethics Committee 
(RETH 000525). 
Participants were screened for MRI contraindications by a radiologist. They then 
completed a thorough medical screening with the experimenter, and filled out the 
TFEQR18 (Karlsson et al. 2000). 
Participants attended two sessions. For the fasted session, they were scanned 
after a minimum of a 9.5 hour overnight fast. For the fed session they were given a 
fixed load breakfast after an overnight fast, and then completed the MR scans after 
approximately 15 minutes. Session order was counterbalanced across participants. The 
total energy content of the breakfast was 531 kcal (26.55 % of the recommended daily 
allowance) for females, and 670 kcal (26.8 % of the recommended daily allowance) for 
males. The macronutrient profile was approximately 11 % fat, 79 % carbohydrate, and 
10 % protein (as calculated by www.eatracker.ca/recipe_analyzer.aspx). 
Immediately prior to the scans, blood glucose samples were obtained using a 
handheld blood glucose monitor (Model: Accu-Chek Aviva, Roche Diagnostics Ltd., 
West Sussex, UK). The POMS (McNair et al. 1971) was employed to measure 
participants’ mood before the scans in both sessions, and hunger was measured with 
100 mm VAS.  In the scanner, participants were asked to relax with their eyes closed, 
and refrain from falling asleep. 
After the scan they were asked to recall what they were thinking about during 
the scan, and give a rating between 1 (‘not at all’) and 7 (‘constantly’) in response to the 
question ‘How much were you thinking about eating or food?’. No participants reported 
falling asleep. 
59 
 
4.3.2 Image acquisition and data analysis 
Scans were acquired on a whole-body Siemens Trio 3T scanner (Siemens, Erlangen, 
Germany) with an eight-channel radiofrequency head-coil. A T2-weighted sequence 
was used to obtain functional resting state images covering the whole brain (32 axial 
slices), TR = 2000 ms, TE = 30 ms, slice order = interleaved ascending, flip angle = 
90°, field of view = 192 mm, slice thickness = 3.5 mm (0.7 cm gap), voxel size at 
acquisition = 3.0 x 3.0 x 3.5 mm.  
SPM8 (UCL, UK: www.fil.ion.ucl.ac.uk/spm) running on Matlab version 
R2012a (MathWorks Inc., Natick, MA) was used for data preprocessing. Images were 
slice-timing corrected, realigned and unwarped, normalised to the template EPI image, 
and smoothed with an 8 mm full width half maximum Gaussian kernel. 
 These preprocessed images were entered into the functional connectivity toolbox 
‘Conn’ v.13 (www.nitrc.org/projects/conn; Whitfield-Gabrieli and Nieto-Castanon 
2012). As the hypothalamus seed mask we used a tracing around bilateral hypothalamus 
(as defined by the AAL atlas; Tzourio-Mazoyer et al. 2002) produced by Sudheimer et 
al (2015). The mask was resliced to match our functional image dimensions using the 
‘Coregister’ function in SPM, and then entered into Conn in the form of separate left 
and right hypothalamus masks. Masks of grey matter, white matter, and CSF were 
produced by segmenting the template EPI image in SPM. Seeds are shown in situ in 
Figure 8. 
 
 
Figure 8 Left (green) 
and right (red) 
hypothalamus seeds, 
shown in situ on a 
typical participant’s T1 
scan. 
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Individual participants’ realignment parameter files were added as first level covariates. 
Data were bandpass filtered from 0.008-0.09 Hz to remove noise and low frequency 
drift. White matter and CSF signals were entered as confounds, and automatically 
eliminated using linear regression. 
 First-level analysis utilised a paired t-test design with session (fasted and fed) as 
the independent variable. One-sided t-tests were employed to examine changes in seed-
to-voxel connectivity between sessions at the second-level. A p < .05 FWE-corrected 
threshold was applied to the results in order to account for multiple comparisons. Δ 
glucose (the difference in readings between the sessions) was added as a second level 
covariate. 
 
4.3.3 Statistical analysis 
SPSS v.22 (IBM Corp., NY, USA) was used for statistical analysis. The BMI data failed 
the Kolmogorov-Smirnov normality test, so the nonparametric Spearman’s Rho was 
used for the BMI correlations. Other correlational data are derived from Pearson’s 
analyses. All reported paired t-test and correlation p-values have been adjusted for 
multiple comparisons using the Holm-Bonferroni correction (Gaetano 2013; Holm 
1979), a sequentially rejective technique which controls for the increased risk of a type I 
error without unnecessarily inflating the risk of a type II error (Bender and Lange 2001; 
Gordi and Khamis 2004; Wright 1992). 
 All regression variables were standardised prior to analysis by subtracting the 
mean and dividing by the standard deviation (Milligan and Cooper 1988; Mitrushina et 
al. 2002) due to large differences in variance between the variables. This resolved the 
unequal variance issue (Levene’s test p = .88). 
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4.4 Results 
4.4.1 Glycaemia and behavioural results 
Paired t-tests were employed to analyse all glycaemia and behavioural results. Before 
the fasted scan, participants recorded significantly lower blood glucose levels (mean 
fasted reading = 5.09 mmol/L ± 0.35 mmol/L; mean fed reading = 6.8 ± 0.72 mmol/L; t 
(17) = -10.03, p < .001), and reported feeling significantly more hungry (mean increase 
of 53.2 ± 20.5 on the VAS; t (17) = 12.53, p < .001). They were also significantly more 
distracted by thoughts of food or eating during the fasted scan (mean fasted score = 2.2; 
mean fed score = 1.2; t (17) = 4.21 p < .001). The POMS scores were not significantly 
different between sessions (t (17) = -.372, p > .05). 
 
4.4.2 Functional connectivity results 
When participants were fasted (contrast ‘fasted > fed’), we observed enhanced 
functional connectivity between left hypothalamus and right inferior frontal gyrus 
(IFG). When fed, (contrast ‘fed > fasted’), there was enhanced functional connectivity 
between right hypothalamus and a cluster in left superior parietal cortex (SPC), 
spanning left postcentral gyrus and precuneus. The MNI co-ordinates and t-scores are 
shown in Table 4; seeds and functional connectivity maps are presented in Figure 9. The 
addition of Δ blood glucose as a second level covariate eliminated the results clusters 
for both contrasts, but this appears to be just a consequence of the fasted and satiated 
conditions; there were no significant correlations between either change in connectivity 
and glycaemia (p > .05). 
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Fasted > Fed      
Seed Cluster Cluster MNI 
x, y, z (mm) 
K T      
(1, 18) 
P-FWE cluster 
L Hypothalamus R IFG 36, 32, -14 127 5.56 0.042 
      
Fed > Fasted      
Seed Cluster Cluster MNI   
x, y, z (mm) 
K T 
(1,18) 
P-FWE cluster 
R Hypothalamus L SPC -6, -58, 68 162 2.33 0.011 
 
Table 4 K = cluster size (voxels). L = left. R = right. MNI = Montreal Neurological Institute. 
FWE = Family-wise error. MNI co-ordinates refer to the peak activated voxels. 
 
 
 
Figure 9 Panel A shows the left hypothalamus seed (LH; green) and IFG functional 
connectivity result (purple) on a single horizontal slice. LH and IFG are more strongly 
connected during the fasted session (contrast fasted > fed). Panel B shows the right 
hypothalamus mask (RH; red) on a horizontal slice, and the SPC functional connectivity result 
(yellow) on a sagittal slice. RH and SFG are more strongly connected during the fed session 
(contrast fed > fasted). L = left. R = right. A = anterior. P = posterior. 
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4.4.3 Correlation results 
During the fed session, the correlation between right hypothalamus / SPC functional 
connectivity and the Cognitive Restraint scale of the TFEQR18 was significant (r = -
.662, p < .01). During the fasted session, the correlation between left hypothalamus / 
IFG functional connectivity and the Cognitive Restraint scale of the TFEQR18 was also 
significant (r = -.514, p < .05). Additionally, there was a significant negative correlation 
between left hypothalamus / IFG functional connectivity and BMI (rs = -.529, p < .05). 
Correlations are presented in Figure 10. 
 
 
 
Figure 10 Graph A is the correlations 
between right hypothalamus (RH) / SPC 
connectivity strength in the fed and 
fasted conditions, and scores on the 
TFEQR18 Cognitive Restraint (CR) 
subscale. Graph B displays the 
correlations between left hypothalamus 
(LH) / IFG functional connectivity 
strength in the fed and fasted conditions, 
and scores on the TFEQR18 CR 
subscale. Graph C shows the correlations 
between LH / IFG functional 
connectivity strength and BMI scores. 
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An additional multiple regression using the Enter method was conducted to see 
if BMI could be predicted from the fasting connectivity between left hypothalamus and 
IFG, the fed connectivity between right hypothalamus and SPC, and the TFEQR18 
Cognitive Restraint scale scores. As described in the Statistical Analysis section, each 
of these variables was standardised before analysis. Neither right hypothalamus / SPC 
functional connectivity during the fed session, nor the Cognitive Restraint subscale 
scores, were able to predict a significant proportion of the BMI variance (β = .34, p > 
.05; β = .35, p > .05, respectively). Left hypothalamus / IFG functional connectivity 
during the fasted session accounted for a significant amount of BMI variance (β = -.50, 
p < .05), predicting 35 % overall (R
2
 = .35, F(1,16) = 9.02, p < .01). 
 
4.5 Discussion 
In support of our hypothesis, right and left hypothalamus resting state functional 
connectivities were altered by changes in homeostatic energy balance. Left 
hypothalamus was more strongly functionally connected to IFG during the fasted 
session, while right hypothalamus was more strongly functionally connected to a cluster 
in SPC during the fed session. 
Previous studies suggest that the activation of IFG is related to cognitive control 
(Hare et al. 2009; Sundermann and Pfleiderer 2012). It is involved in suppressing the 
desire for food (Hollmann et al. 2012) and successfully resisting temptation (Lopez et 
al. 2014), and is more strongly activated by food stimuli in successful weight loss 
maintainers than in obese or normal weight participants (Sweet et al. 2012). 
Additionally, IFG grey matter volume (Brooks et al. 2013) and activation to satiety (Le 
et al. 2009) is significantly reduced in obesity. In the current study, IFG was more 
strongly functionally connected to left hypothalamus when participants were fasted. 
This enhanced functional connectivity was significantly correlated with Cognitive 
Restraint subscale scores on the TFEQR18, and those with a higher BMI showed less 
fasting functional connectivity between left hypothalamus and IFG. A relationship 
between hypoactivation of prefrontal cortices and elevated BMI has previously been 
observed (Le et al. 2006; 2007; Page et al. 2011; Volkow et al. 2009; Willeumier et al. 
2011), and our results show that a significant amount of BMI variance can be explained 
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by the fasting functional connectivity between left hypothalamus and IFG, at least in 
our population of healthy participants. Rather than driving food consumption when 
there is an energy deficit, IFG appears to attempt to ensure that overfeeding does not 
occur. It seems likely that the hypothalamic drive to eat is being tempered (Tataranni et 
al. 1999), though the analysis method we used does not allow for the specification of 
directional modulation. 
When participants were fed, right hypothalamus was more strongly functionally 
connected to a cluster in SPC which encompassed postcentral gyrus and precuneus. 
Following a fast, precuneus is activated by sips of a palatable liquid (Spetter et al. 
2014), but deactivated in response to satiation (Gautier et al. 2000). Consciously 
suppressing food craving also reduces activation in precuneus (Yokum and Stice 2013). 
Both areas are altered in obesity; left postcentral gyrus grey matter volume is reduced 
(Brooks et al. 2013), and precuneus shows a reduced response to visual food stimuli 
(Heni et al. 2014). 
Taking this and previous findings into account, the enhanced functional 
connectivity that we observed appears to have been modulated by the homeostatic 
energy balance. In the absence of an energy deficit, it is possible that the functional 
connectivity between right hypothalamus and SPC might represent the suppression of 
the eating drive. The strong correlation between this functional connectivity during the 
fed session and the Cognitive Restraint subscale of the TFEQR18 lends support to this 
hypothesis. It might also be the case that when the energy balance was restored, the 
participants were able to move their attention away from food. Participants reported 
being significantly less distracted by thoughts of food or eating during the fed session, 
and SPC is considered to be a core area involved in many types of attentional 
processing (Corbetta et al. 2000). 
The current research was designed as an exploratory study, and as such we only 
tested participants with a BMI within the normal range. The paradigm needs to be 
extended to involve participants with a much wider range of BMIs in order to shed 
further light upon the function of this homeostatic energy balance mechanism and its 
relationship to the risk of being overweight. Future research involving the selective 
stimulation of IFG when fasting and / or SPC when feeding could further address the 
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role of these structures in eating behaviour. Short-term transcranial direct current 
stimulation of dorsolateral prefrontal cortex in normal weight males has already 
reported some success in calorie intake reduction (Jauch-Chara et al. 2014). 
 
4.5.1 Conclusion 
These enhanced functional connectivities seem to form part of a homeostatic energy 
balance network that is related to cognitive restraint of eating; preventing overeating 
when energy is depleted, and ending feeding or transferring attention away from food 
upon satiation. In our healthy weight cohort, BMI appears to be partly dependent on 
hypothalamic functional connectivity during acute homeostatic energy depletion. 
Whether this relationship holds true in overweight or obese people remains to be 
determined. 
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Chapter 5 
 
Heightened eating drive and food stimuli attenuate central nociceptive 
processing 
 
This experiment investigated the cortical structures underlying the competition between 
hunger / food stimuli and pain, using EEG source analysis of laser-evoked potentials. 
It was published in the Journal of Neurophysiology (2015), vol. 113, pages 1323-1335. 
The format, but not the content, has been altered to match the style of the thesis. 
The roles of the co-authors are summarised below: 
I designed the study in collaboration with Andrej Stancak. Xiaoyun Li and Nicholas 
Fallon assisted with the data collection. Andrej Stancak provided training on EEG 
recording and data analysis. I analysed the data, interpreted the results, and wrote the 
manuscript. Xiaoyun Li, Nicholas Fallon, Timo Giesbrecht, Anna Thomas, Joanne 
Harrold, Jason Halford, and Andrej Stancak contributed useful comments on the 
manuscript. 
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5.1 Abstract 
Hunger and pain are basic drives that compete for a behavioural response when 
experienced together. To investigate the cortical processes underlying hunger-pain 
interactions, we manipulated participants’ hunger and presented photographs of 
appetising food or inedible objects in combination with painful laser stimuli. Fourteen 
healthy participants completed two EEG sessions: one after an overnight fast, the other 
following a large breakfast. Spatio-temporal patterns of cortical activation underlying 
the hunger-pain competition were explored using 128-channel EEG recordings, and 
source dipole analysis of laser evoked potentials (LEPs). We found that initial pain 
ratings were temporarily reduced when participants were hungry compared to when fed. 
Source activity in parahippocampal gyrus was weaker when participants were hungry, 
and activations of operculo-insular cortex, anterior cingulate cortex, parahippocampal 
gyrus, and cerebellum were smaller in the context of appetitive food photographs than 
in that of inedible object photographs. Cortical processing of noxious stimuli in pain-
related brain structures is reduced and pain temporarily attenuated when people are 
hungry or passively viewing food photographs, suggesting a possible interaction 
between the opposing motivational forces of the eating drive and pain. 
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5.2 Introduction 
Hunger and pain have basic homeostatic components, and both necessitate alleviative 
actions. When experienced singularly the course of action is obvious, but when 
experienced together, the appropriate response may be less apparent. If the hunger drive 
is present but weak, it should be possible to ignore it and escape from the pain. If mild 
pain is present but the hunger drive is stronger, it should be possible to eat while 
ignoring pain. If either drive is sufficiently pressing, the other may not even receive 
conscious consideration. 
 Abundant evidence shows that eating (Aloisi and Carli 1996; Casey and Morrow 
1983; Foo and Mason 2005; Kakeda et al. 2010; LaGraize et al. 2004; Schobel et al. 
2012; Segato et al. 1997; Zmarzty et al. 1997), or expecting to eat (Dum and Herz 
1984), can reduce pain. This effect is present in even very young infants, both animal 
(Blass et al. 1987; Blass and Fitzgerald 1988; Blass et al. 1991; Blass and Shide 1994; 
Ren et al. 1997; Shide and Blass 1989), and human (Blass and Hoffmeyer 1991; Blass 
and Shah 1995; Bucher et al. 1995; Lehr et al. 2014; Shah et al. 2012; Yilmaz et al. 
2014). The anti-nociceptive effect of feeding may be at least partly attributable to 
activation of vagal nerve afferents as the stomach stretches; this inhibits perception of 
several types of pain (Faris et al. 2006; Sedan et al. 2005). Conversely, a smaller body 
of evidence shows that fasting can produce analgesia (Davidson et al. 1992; de los 
Santos-Arteaga et al. 2003; McGivern et al. 1979; McGivern and Berntson 1980). 
Interestingly, fasting is employed as a treatment for chronic pain in some settings 
(Michalsen and Li 2013; Michalsen et al. 2002, 2005; Wilhelmi de Toledo et al. 2013). 
 One factor playing a role in fasting or feeding-related analgesia might be the 
endogenous opioid system, as studies which administered naltrexone or naloxone found 
that the analgesia effect was reversed (Blass et al. 1987, 1991; Blass and Fitzgerald 
1988; Davidson et al. 1992; de los Santos-Arteaga et al. 2003; Dum and Herz 1984; 
McGivern et al. 1979; McGivern and Berntson 1980; Segato et al. 1997; Shide and 
Blass 1989). Such compounds also reduce the pleasure normally derived from ingesting 
palatable foods (Drewnowski et al. 1995; Fantino et al. 1986; Halford et al. 2010; 
Schneider et al. 2010). Endogenous opioids are intricately involved in feeding 
regulation (see Bodnar 2004 for a comprehensive review), and levels of β endorphins 
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rise when eating highly palatable food (Dum et al. 1983; Mercer and Holder 1997). 
Fasting induces a decrease in endogenous opioid levels but an increase in beta-
hydroxybutyrate (Pan et al. 2000), an isomer of the illicit drug gamma-hydroxybutyrate 
(Brown 2007). Gamma-hydroxybutyrate produces a considerable rise in dopamine 
release (Gessa et al. 1966; Itzhak and Ali 2002). Dopamine appears to play a significant 
role in analgesia (Jarcho et al. 2012; Wood 2006) and reductions in affective responses 
to pain (Jarcho et al. 2012; Tiemann et al. 2014), and enhanced dopamine levels are 
diminished by naloxone (Klitenick et al. 1992; Seilicovich et al. 1985; Snead and 
Bearden 1980). The evidence reviewed above suggests that both physiological and 
hormonal factors play a part in food-related analgesia. 
 If hunger can override pain and vice versa, a mechanism can be postulated that 
allows attending to one of these drives at the expense of the other. Pain, feeding, and 
taste pathways are represented in the brainstem (Craig 2003b; Norgren 1990; Small et 
al. 2003), hypothalamus (Burton et al. 1976; Dafny et al. 1996; Guyton and Hall 2004), 
and amygdala (Bernard and Besson 1990; Bernard et al. 1992; Neugebauer and Li 2002; 
Sanghera et al. 1979). Additionally, the pain and taste pathways are represented in S1 
(Gingold et al. 1991; Kenshalo et al. 1980; Norgren 1990), anterior insula (Dostrovsky 
and Craig 1996; Pritchard et al. 1986; Scott et al. 1986; Sudakov et al. 1971), and ACC 
(Bushnell and Duncan 1989; Hutchison et al. 1999; Sikes and Vogt 1992). Any of these 
areas could therefore facilitate a competitive interaction between hunger and pain. 
 Rewarding stimuli other than food, such as monetary gain (Becker et al. 2013), 
and the expectation of analgesia (Elsenbruch et al. 2012), have also been shown to 
inhibit the perception of pain. According to the motivation-action theory of emotion 
(Bradley et al. 2001; Lang et al. 1992, 1997), two motivational systems are posited to 
exist: one appetitive, the other defensive. The appetitive system is engaged by 
approach-related reinforcers such as ingestion; the defensive system is triggered by 
threat. 
 The aim of this study was to explore competitive interactions between the 
appetitive and defensive motivational systems, using fasted vs. fed states, and 
presenting food photographs in combination with painful laser stimuli. We hypothesise 
that viewing food cues should activate the appetitive system, inhibiting the pain-
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activated defensive system and resulting in a suppression of subjective pain perception 
and pain-related brain activity. Provided that the visual food cues are sufficiently 
motivationally salient, such a pain decrease is also predicted by the motivation-decision 
model of pain modulation (Fields 2007), whereby endogenous opioids suppress 
responses to noxious stimuli to allow responding to more important motivational 
stimuli. Such a reciprocal relationship between pain and other motivational stimuli, such 
as fear and social cues, has already been described (Wiech and Tracey 2013), but this is 
the first study to investigate brain areas involved in facilitating competition between the 
motivational drives of appetite and pain, using source reconstruction of LEPs. 
 
5.3 Methods 
5.3.1 Participants 
Fourteen healthy volunteers (seven male) with a normal BMI (World Health 
Organization 2006) from the undergraduate and postgraduate student population of the 
University of Liverpool took part in this study. The average age of the participants was 
24.6 ± 4.1 (mean ± SD). Participants gave their written informed consent and the study 
was conducted in accordance with the Declaration of Helsinki. Ethical approval was 
obtained from the University of Liverpool Research Ethics Committee. 
 
5.3.2 Procedure 
Participants were asked on the day before both sessions not to exercise more than they 
would normally, and not to eat or drink anything other than water from midnight. 
Compliance was assessed using diary entries; no participants reported taking part in any 
strenuous exercise or excessive eating. Participants completed two sessions, which were 
separated by an average of 7.5 days (± 5.6), and attended the lab at 8.45 am after a 9 
hour overnight fast. Participants either remained fasted for the remainder of the session 
(fasted condition), or were provided with a standardised breakfast (fed condition). 
Session order was counterbalanced across participants. The breakfast consisted of 
cornflakes, semi skimmed milk, toast, margarine, jam, orange juice, and tea / coffee. 
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The total energy content was 531 kcal (2223 kJ) for females, and 680 kcal (2847 kJ) for 
males. Measures of hunger, desire to eat, and prospective consumption were taken using 
100 mm VAS immediately prior to the EEG recording in both the fasted and fed 
sessions. 
 The experiment took place in a sound attenuated room. Painful stimuli were 
produced using an Nd-YAP laser stimulator (Stim1340, El.En., Italy); the spot size was 
5 mm, and the pulse duration was 3 ms. Before beginning the experiment a 5 cm circle 
was drawn on the dorsal surface of the participants’ right hand, and the laser stimuli 
were applied pseudo randomly within. The laser intensity to be used was selected by 
applying a succession of painful stimuli ranging from 1.0 J up to 2.25 J. Intensities 
started off low, and after each stimulus the participant was asked to rate, on a scale of 1 
to 7, how much pain they had felt. The scale was anchored as ‘1: no pain’ and ‘7: worst 
imaginable pain’. The laser intensity was gradually increased until participants gave a 
rating of 3-4 (moderate pain). When this rating was achieved, three more stimuli at this 
intensity were applied to ensure that the rating remained consistent. Participants were 
given five practice trials and shown how to make their response. 
 The experiment was comprised of three blocks, each containing 32 trials. Figure 
11 shows a visual representation of the trial structure. We divided the experiment into 
blocks for reasons of safety and data quality. As upwards of 90 laser stimuli were 
applied to the dorsum of the hand, it was prudent to check for skin burns or abnormal 
skin reactions between successive blocks of stimuli. The stimulation period took about 
40 minutes and therefore, to avoid fatigue and any discomfort due to limited mobility, 
resting periods also served to allow participants to stretch and relax. Finally, the 
electrode sponges required regular remoistening in order to keep electrical impedance 
low. The approximate amount of time between blocks ranged from four to eight 
minutes, depending on the time it took to re-saturate the electrodes and / or adjust the 
laser intensity if participants’ pain ratings had noticeably decreased. 
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The food photographs used in the experiment were selected on the basis of an 
unpublished pilot study, which had found them to be consistently rated as tasty, 
enjoyable, and filling. Object photographs (included as the control condition) were a 
mixture of household and leisure items, unrelated to food or eating. Photographs were 
492 x 329 pixels, with a resolution of 72 dpi. Participants were seated 60 cm away from 
the 19 inch LCD monitor. Delphi 7 (Borland Software, Austin, TX) was utilised as the 
stimulus presentation program. 
 At the end of each experimental session, participants rated each food in the 
photographs for how tasty, filling, and enjoyable it looked, along with how much they 
would eat of it if they were hungry. Ratings were made on numeric rating scales from 0 
to 10. 
 
5.3.3 Recordings and data analysis 
EEG was recorded continuously using the 128-channel Geodesics EGI System 
(Electrical Geodesics, Inc., Eugene, OR, USA). The anatomical landmarks of the 
nasion, inion, and left and right preauricular points were used to position the sensor net. 
Electrode to skin impedances were kept below or equal to 50 kΩ, and checked between 
each block. If necessary, the electrode sponges were remoistened. The bandpass filter 
Figure 11.  Trial structure.   
Each trial began with a fixation 
cross 4000 ms long, which was 
replaced by a photograph of 
either food or an inedible 
object.  The photograph was 
visible for 3000 ms, and a laser 
stimulus was applied exactly 
1000 ms after the onset of the 
photograph.  The screen went 
blank for 1000 ms, and then 
participants rated the pain they 
had felt on a visual analogue 
scale of 1-7 (anchored as 1 =  
 no pain; 7 = worst imaginable pain). The scale was incremented by repeatedly clicking the mouse. 
Equal numbers of food and object photographs were presented within each block. 
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was 0.1 to 200 Hz and the sampling rate was 1000 Hz. Electrode Cz was used as the 
reference. BESA 6.0 (MEGIS GmbH, Germany) was used for data processing. Raw 
data were transformed into reference-free data using common average reference 
(Lehmann 1987). The data were filtered from 0.5 to 70 Hz, with an additional notch 
filter applied at 50 Hz. Oculographic and electrocardiographic artifacts were removed 
using principal components analysis (Berg and Scherg 1994), and the data were visually 
inspected to check for other artifacts. Trials contaminated by additional artifacts were 
excluded from the analysis. 
 To analyse the typical period of nociceptive processing the data were divided 
into epochs from -100 to +600 ms relative to the onset of the laser stimulus, with -100 
to 0 ms used as the baseline. LEPs were computed separately for food and object 
photographs by averaging relevant trials firstly across single blocks, then averaging the 
block averages across single sessions. This yielded, for each participant, four overall 
LEPs: one when hungry and viewing food photographs, one when hungry and viewing 
object photographs, one when fed and viewing food photographs, and one when fed and 
viewing object photographs. The average number of trials accepted per participant for 
these four conditions were (respectively, out of a possible 48): 38.3 ± 8.1, 37.4 ± 8.8, 
38.5 ± 6.1, and 37.3 ± 6. Finally, the individual participant averages were combined to 
produce group-level condition averages. Additionally, in order to explore the group-
level effects of the appetite manipulation independently of the photograph type, all 
subjects’ hungry condition trials were collapsed across photograph types to produce 
averaged LEPs for the hungry condition, and all subjects’ fed condition trials were 
collapsed across photograph types to produce averaged LEPs for the fed condition. 
 
5.3.4 Source dipole reconstruction 
After calculating the subject and group level averaged potentials, sources were 
estimated from the group-level averaged waveforms using classical LORETA analysis 
recursively applied (CLARA: Hoechstetter et al. 2010), which takes as a first step a 
regularised LORETA (Low Resolution Electromagnetic Tomography: Pascual-Marqui 
et al. 1994) image, then in iterative steps, smooths the previous image and sets to zero 
all voxels with amplitudes of less than 10% of the maximum activation, effectively 
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eliminating them from the analysis. This produces an image containing an amplitude of 
activation defined for each voxel. A LORETA image taking this voxel-specific 
information into account is then computed. 
 Parameters specified in the current CLARA analysis were singular value 
decomposition (SVD) regularisation with a cut-off of 0.01%, two iterations, and a voxel 
size of 7×7×7mm
5.
 A significant advantage of using CLARA is that the elimination of 
voxels with small amplitudes gives rise to a far clearer and more circumscribed image 
than some other source analysis techniques, making it less problematic to visualise 
sources that are spatially close. The spatial maxima of activation clusters produced by 
CLARA were used as seeds for fitting a set of equivalent current dipoles. The 
orientations of equivalent current dipoles were fitted separately both in grand average 
and individual LEPs. 
 The 4-shell ellipsoid head model was employed, using the following 
conductivities (S/m = Siemens per meter): brain = 0.33 S/m; scalp = 0.33 S/m; bone = 
0.0042 S/m; cerebrospinal fluid (CSF) = 1.0 S/m. 
 
5.3.5 Statistical analysis 
Unless otherwise stated, SPSS v.20 (IBM Corp., NY, USA) was utilised to perform 
statistical analyses. Repeated measures ANOVAs were used to test for the effects of 
sessions, photographs, and blocks on the source dipole waveforms and pain ratings. 
Paired Student’s t-tests were used to compare sessions and photographs. All p values 
were Bonferroni corrected in order to account for multiple comparisons, and a 95% 
confidence level was employed throughout. Pearson’s correlation coefficients were 
computed to test for correlations between source dipole moments and various self-report 
measures. Differences between correlation coefficients were evaluated using Statistica 
7.0 (StatSoft, Inc., Tulsa, USA). 
 Due to the absence of previous studies addressing the effects of appetite on 
LEPs, we did not identify any specific LEP component or latency period of interest a 
priori. Instead we employed a data-driven analysis, which allowed the detection of 
clusters of signals and intervals of interest manifesting the effects of one or more 
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independent variables and their interaction. To this end the source dipole waveforms 
were analysed using repeated measures ANOVA and a random permutation test (Maris 
and Oostenveld 2007) in Matlab v. 7.8 (MathWorks Inc., Natick, MA, USA), using 
1000 permutations and a 99% confidence level. The permutation method was necessary 
to control for the inflated risk of Type I error, brought about by the large number of 
ANOVA tests required. 
 
5.4 Results 
5.4.1 Behavioural data 
The goal of giving participants a large breakfast was to ensure that they felt full and not 
hungry, leading to clearly delineated hungry and fed conditions. Paired t-tests were 
employed to compare the level of eating drives between sessions. When participants 
were fed in comparison to fasting, VAS ratings were significantly lower for hunger 
(mean ± SD for hungry session: 62.79 ± 15.5; for fed session: 9.43 ± 15.8, t (13) = 11.1, 
p < .001), desire to eat (mean ± SD for hungry session: 64.93 ± 19.6; for fed session: 
8.79 ± 11.8, t (13) = 9.9, p < .001), and prospective consumption (mean ± SD for 
hungry session: 57.79 ± 18.3; for fed session: 15.86 ± 16.3, t (13) = 8.0, p < .001). 
 Laser intensities were necessarily adjusted between blocks for most of the 
participants, due to them becoming habituated to the laser and reducing their subjective 
responses to the noxious stimuli. Collapsing the laser intensities across blocks revealed 
that the laser intensity was almost identical in both conditions; the mean intensity used 
was 2.45 J ± 0.35 J in the hungry condition and 2.47 ± 0.31 J in the fed condition. This 
produced a mean intensity difference of 0.02 J between conditions, which was 
statistically not significant (t (13) = -1.1, p = .298). 
 Pain ratings were analysed using a 2 (sessions) × 2 (photographs) × 3 (blocks) 
ANOVA for repeated measures. Mean pain ratings did not significantly differ between 
the sessions (hungry and fed, collapsed across all photographs and all blocks). Nor were 
they statistically different across the two photograph types (collapsed across all blocks). 
There was, however, a statistically significant effect of blocks on mean pain ratings (F 
(2,26) = 4.49, p < 0.05); and a statistically significant interaction between session and 
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blocks (F (2,26) = 5.72, p < 0.05). As shown in Figure 12, an analysis of simple effects 
revealed that pain ratings in the fed session in block 1 were significantly larger than 
those in blocks 2 (t (13) = 5.4, p < 0.05) and 3 (t (13) = 5.1, p < 0.05). Blocks 2 and 3 
were not significantly different from each other. There was a statistically significant 
difference between the pain ratings during block 1 across sessions (t (13) = 2.16, p < 
0.05). 
 
 
  
Student’s paired t tests were used to compare the food photograph ratings 
obtained after both EEG recordings. There were no statistically significant differences 
between the sessions (p > .05). 
 
5.4.2 Source dipole model of LEPs 
Figure 13A shows the grand averaged waveforms and topographic maps of LEPs at 
different equivalent current dipoles localised using CLARA, on data combined from all 
sessions, photographs, and blocks. Figure 13B illustrates the spatial clusters obtained in 
CLARA analysis, and locations of equivalent current dipoles which were fitted based on 
CLARA. The source model of the LEPs accounted for 94.34% of the variance. It was 
Figure 12.  Mean pain intensity 
ratings ± standard deviation bars 
during the hungry and fed 
sessions, averaged by block.  
There is a significant difference in 
block 1 between the mean pain 
ratings in the hungry session (3.17 
± 0.74) compared to the fed 
session (3.85 ± 1.0).  
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best constructed by six source dipoles; adding another source did not explain 
significantly more of the variance. Table 5 A-C shows anatomical labels and 
approximate Talairach coordinates of each of the six source dipoles. 
 
A       
Anatomical 
label 
Talairach    
(mm) 
Epoch   
(ms) 
Hungry 
mean ± SD 
Fed        
mean ± SD 
F p 
Right PHG (3) 27, -9, -16 248 - 
257              
16.32 ± 
25.0 
27.51 ± 
21.9 
5.10 .042 
B       
Anatomical 
label 
Talairach    
(mm) 
Epoch   
(ms) 
Food     
mean ± SD 
Object  
mean ± SD 
F p 
Left OIC (1) -37, -12, -2 150 – 
160 
19.30 ± 
19.3 
21.92 ± 
18.2 
7.18 .019 
ACC (2) -3, -21, 45 167 – 
177 
9.79 ± 15.0 15.00 ± 
15.2 
7.06 .020 
Right PHG (3) 27, -9, -16 300 – 
330 
27.75 ± 
15.9 
35.00 ± 
14.5 
16.08 .001 
Cerebellum (6) 18, -50, -35 395 – 
405 
14.00 ± 
10.8 
19.61 ± 
15.3 
5.18 .040 
C       
Anatomical 
label 
Talairach    
(mm) 
Epoch   
(ms) 
Hungry / 
Food 
Fed /   
Object 
F P 
Left PHG (4) -27, -9, -21 - - - - - 
MFG (5) -3, 49, 8 - - - - - 
 
Table 5.  The anatomical labels of the sources (source numbers shown in brackets), with 
corresponding approximate Talairach co-ordinates in mm (x, y, z) and time epochs of 
significant modulations. Mean values refer to the mean amplitude of the source waveform 
during the time interval when it was significantly modulated by a session or photograph factor. 
Section A shows the source that was significantly modulated by session; section B shows 
sources that were significantly modulated by photograph type. ‘Food’ and ‘Object’ refer to the 
food and object photograph types.  Section C shows sources that were not significantly 
modulated during any time epochs by either experimental manipulation, but still contributed 
significantly to the source dipole model.  OIC = operculo-insular cortex. 
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Source 1 was tangentially oriented and located in left operculo-insula cortex. Its 
shortest latency peak occurred at 154 ms, with a negative maximum over the temporal 
electrodes. Both the topographic pattern and the peak latency suggest that this 
component is equivalent to the N1 component of LEPs. Source 1 peaked again at 188 
ms (topographic map not shown) during the period in which the N2 component is 
known to operate. Source 2 was associated with a strong negative scalp potential field at 
the vertex peaking at 181 ms, corresponding to the N2 component of LEPs. It was a 
radially oriented dipole located in the anterior mid-cingulate cortex. Sources 3 and 4 
were located in bilateral parahippocampal gyri (PHG). Source 3 showed two peaks, one 
at 281 (topographic map not shown) and one at 327 ms; source 4 peaked once at 272 
ms. They were obliquely oriented, and pointed posteriorly towards the positivity at 
posterior parietal electrodes. Source 5 was fitted in the right middle frontal gyrus 
(MFG), and accounted for a negativity seen in the right frontal electrodes at 248 ms. 
Sources 3, 4, and 5 contributed to the large P2 LEP component. Finally, CLARA also 
identified the presence of a comparatively weak source in the right cerebellum, peaking 
at 404 ms. Source 6 had a tangential orientation and explained part of the negative 
spatial maxima seen in electrodes placed on the lower face. The peak latency of source 
6 would correspond to the P2 or N3 component of LEPs (Stancak et al. 2013). Although 
one previous paper from our laboratory has indicated the presence of a cerebellar 
component in LEP data (Stancak and Fallon 2013), this source dipole will need further 
independent confirmation, and therefore any conclusions based on modulations of 
source 6 should be treated with caution. 
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Figure 13.  Panel A: waveforms of sources 1 to 6, collapsed across both sessions (hungry and 
fed) and both photograph types. Peak latencies are denoted by an arrow. Panel B: sources 1 to 6 
superimposed over a standard structural MRI scan. In each image, the source corresponding to 
the waveform in panel A is indicated by its number, and by the red crosshairs. 
 
 
5.4.3 Effects of sessions and photographs 
To test the effects of sessions and photographs on LEPs, a two-way ANOVA for 
repeated measures was carried out for all six waveforms over the entire time interval 
from -100 to 600 ms. To reduce the chances of a Type I error, a permutation analysis 
(Maris and Oostenveld 2007) was carried out. Figure 14A shows the only statistically 
significant effect of session, which was seen in source 3, located in the right PHG. In 
the time interval of 248–257 ms, the source activity was stronger in the fed session than 
in the hungry session. Mean values of source 3 amplitudes in the hungry and fed 
sessions, as well as F and p values, are given in Table 5A.  Figure 14B shows the 
statistically significant effects of photographs on the waveforms of sources 1, 2, 3, and 
6. Each of these sources showed somewhat smaller activations in the context of food 
photographs in comparison to object photographs. Although the statistically significant 
effects of photograph type were evident from 150–160 ms in source 1 and 167–177 ms 
in source 2, corresponding to the typical time course of the LEP N1 component, at the 
maximum peaks of these two sources the topographic maps were already dominated by 
the N2 LEP component, maximal over the vertex. Mean values of source dipole 
moments, time epochs of statistically significant waveform modulations, and F and p 
values are shown in Table 5B.   
 There were no effects of session or photograph type on sources 4 or 5. Their 
approximate Talairach co-ordinates are given in Table 5C. There were no statistically 
significant interactions between sessions and photographs in any of the sources (p > 
.05). 
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Figure 14.  Source waveforms showing modulation by session (panel A), and photograph type 
(panel B). Time epochs of significant modulations are indicated by the grey bars. These epochs 
were derived from the statistical analysis of the entire LEP waveform in each condition.  
 
 
5.4.4 Correlation data 
After each EEG session, ratings of how enjoyable, filling, and tasty the food in the 
photographs looked were taken on VAS, along with a rating of how much participants 
could eat of the different foods if they were hungry. These measures were highly inter-
correlated within sessions, so they were collapsed to give a single hedonic rating scale 
for each session. 
A 
B 
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To analyse the contribution of  hedonicity to the activation of source 3 (right 
PHG), which showed a statistically significant effect of session, a Pearson’s correlation 
coefficient was computed between hedonic ratings and the source dipole moment during 
the time interval 248–257 ms (averaged over blocks and photographs). The correlation 
was significant in the fed session (r (11) = .625, p < 0.05), and stronger during the 
hungry session (r (11) = .810, p < 0.01). The correlation coefficients themselves were 
not significantly different (p > 0.05). Source 3 activation during this epoch was not 
significantly correlated with pain ratings. 
As far as pain rating is concerned, only sources 1 (operculo-insular cortex) and 6 
(cerebellum) were significantly correlated with pain ratings during the time epochs of 
significant modulation by photograph type. Activation in the operculo-insular cortex 
was positively correlated with pain ratings in the context of food photographs (r (10) = 
.594, p < 0.05), marginally more so in the context of the object photographs (r (10) = 
.603, p < 0.05). Activation in cerebellum was markedly more positively correlated with 
pain ratings in the context of object photographs (r (12) = .581, p < 0.05) than in the 
context of food photographs (r (12) = .343, p > 0.05). Again, the correlation coefficients 
themselves were not significantly different (p > 0.05). 
 
5.5 Discussion 
Participants reported less pain in the initial block of the experiment and exhibited 
reduced source activity in right PHG when they were hungry compared to fed; 
similarly, viewing food photographs resulted in comparatively small but statistically 
significant reductions in pain-related source activations in the left opercular insula, 
ACC, right PHG, and cerebellum. These results are in agreement with those predicted 
by the theory of emotion and motivation (Bradley et al. 2001; Lang et al. 1992, 1997). 
Hunger slightly attenuated pain in the first block of the experiment, and 
suppressed activation in the right parahippocampal region. This finding corroborates 
previous studies which have reported decreased nociceptive processing when fasting 
(Davidson et al. 1992; de los Santos-Arteaga et al. 2003; McGivern et al. 1979; 
McGivern and Berntson 1980). A contribution by parahippocampal cortex (or very 
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closely related areas) to evoked pain responses has been postulated previously in EEG 
source analysis studies (Stancak and Fallon 2013; Stancak et al. 2013; Valeriani et al. 
1996, 2000, 2002), and experiments with fMRI have cited PHG as being involved in 
processes such as reactivating memories of pain (Kattoor et al. 2013), pain anticipation 
(Fairhurst et al. 2007), and pain sensitivity (Piche et al. 2010). Interestingly, in the 
current study, the effects of session on PHG activation were not correlated with pain 
ratings, but rather with ratings of food photograph hedonicity. Results from appetite 
research have found PHG to be activated by hunger (Del Parigi et al. 2002; Tataranni et 
al. 1999), and by appetitive stimuli when participants were fasted (Cheng et al. 2007; 
LaBar et al. 2001; St-Onge et al. 2005). 
Passively viewing food photographs also attenuated pain responses to a small 
degree in operculo-insular cortex, mid ACC, PHG, and cerebellum. Insula is reliably 
activated in response to visually-presented appetitive stimuli (Kroemer et al. 2013; 
Porubská et al. 2006; Simmons et al. 2005; van der Laan et al. 2011), and also forms 
part of the ‘pain matrix’; operculo-insular cortex responses to laser-evoked pain are 
almost universally reported (Garcia-Larrea et al. 2003). This region has been cited as a 
likely generator of N1 LEPs (Iannetti et al. 2005; Vogel et al. 2003); it is sometimes 
indistinguishable from secondary somatosensory cortex (SII), since the structures lie so 
close together and are densely reciprocally connected, and therefore both areas have 
been implicated as possible generators of N1 in some studies (Frot et al. 1999; Valeriani 
et al. 2000). The area of ACC identified in the current study is involved in orienting 
attention to salient stimuli (Kim et al. 2013; Peyron et al. 1999; Tölle et al. 1999), and 
N1 has recently been demonstrated to be augmented by salient stimuli (Ronga et al. 
2013). The timing of the operculo-insular and ACC modulations (150–160 ms and 167–
177 ms after the laser stimuli, respectively) by food photographs in the current study 
corresponds closely to the timing of the classically evoked N1 LEP (García-Larrea et al. 
1997; Legrain et al. 2002; Tarkka and Treede 1993; Valeriani et al. 1996), while the 
peak activations at 188 and 181 ms (respectively) are approaching the usual timing of 
the N2 LEP component (Friederich et al. 2001; Legrain et al. 2002; Stancak and Fallon 
2013). This finding corroborates previous research which has suggested that operculo-
insular cortex contributes to both N1 and N2 (Garcia-Larrea et al. 2003; Tarkka and 
Treede 1993; Valeriani et al. 1996). 
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N1 has been shown to code pain intensity (Iannetti et al. 2005; Stancak et al. 
2012), and, when general vigilance effects are held constant, a change in attentional 
focus (Legrain et al. 2002). Since participants saw the food photographs before they felt 
the pain, any reduced operculo-insular and ACC source activation may result from a 
reduced capacity of the pain to shift attention away from the food. 
Right PHG activation was reduced from 300–330 ms when participants viewed 
food photographs (independently of session effects). This corresponds to the usual 
timeframe of the P2 LEP (Friederich et al. 2001; Valeriani et al. 2007; Yamasaki et al. 
1999), which appears to reflect the affective processing of pain. Its amplitude can be 
tempered by viewing pleasing aesthetics (de Tommaso et al. 2008) and pleasant pictures 
(de Tommaso et al. 2009), and the magnitude of P2 (in the absence of pain) has also 
been demonstrated to be augmented by emotional words (Herbert et al. 2006; Schacht 
and Sommer 2009). The PHG has also previously been shown to respond to 
manipulations of emotion in the context of pain (Roy et al. 2009; Stancak et al. 2013), 
and more generally, as part of the entorhinal cortex, it is often described as being part of 
an emotion network (see Lindquist et al. 2012, for a comprehensive review). That the 
PHG activation corresponding to the time frame of P2 was weaker when participants 
were viewing food photographs suggests that appetitive stimuli might somewhat 
diminish the affective dimension of pain. 
The final area that appeared to be modulated by photograph type was the 
cerebellum, between 395–405 ms. Cerebellum is cited often as a region activated by 
pain (Moulton et al. 2010; Peyron et al. 2000), and, in conjunction with the limbic 
structures ACC and PHG, is part of an emotion-related network activated in response to 
generally aversive stimuli (Moulton et al. 2011). Cerebellum appears to reflect both 
ascending and descending pain signaling (Borsook et al. 2008; Hagains et al. 2011; 
Saab and Willis 2003; Yelle et al. 2009); that it was temporally the last structure to 
participate in the source model of the LEP suggests that it was engaged here in pain 
inhibition. This explanation is supported by our finding of correlations between pain 
intensity and the strength of source activity in cerebellum. 
The MFG formed a statistically important part of the source model, but its 
activation was not modulated by either appetite status or photograph type. The MFG is 
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commonly cited in pain studies (Baron et al. 1999; Brooks et al. 2002; Iadarola et al. 
1998; Ochsner et al. 2006; Song et al. 2006; Tracey et al. 2000). It is significantly 
activated in response to pain regardless of whether the pain is strong or weak (Kong et 
al. 2010), and is involved in decision making (Krain et al. 2006; Rogers et al. 1999; 
Schmitz and Johnson 2006) and response selection (Hazeltine et al. 2003; Schumacher 
et al. 2003). It is therefore not surprising that the experimental manipulations failed to 
affect activation in MFG, since every trial in every condition required a decision and a 
response. 
The temporal and spatial distribution of experimental effects across varying time 
intervals is likely due to sequential and hierarchical processing of sensory information, 
seen also in other sensory modalities (Hari et al. 2010). The N1 component of LEPs, 
originating primarily in the contralateral operculo-insular and mid ACC (Figure 14B, 
top panel), was consistent with an early arrival of nociceptive information via the 
spinothalamic tract neurons to posterior insula, secondary somatosensory cortex and the 
ACC, which are the targets of the spinothalamic tract neurons (Dum et al. 2009). The 
subsequent latency components, in particular the long-latency component peaking at 
404 ms (Figure 14B, bottom panel), point to involvement of additional brain regions 
such as medial temporal cortex, rostral ACC and cerebellum, consistent with 
employment of higher order, top-down control processes at a later stage of nociceptive 
processing. Therefore, source dipole modelling was required to separate the spatial and 
temporal components of LEPs. 
There was no interaction between sessions and photograph types, which 
suggests that there may be separate processes contributing to the comparatively small 
effects on pain. The first (related to session) appears to reflect generally heightened 
attention to any distracting stimuli when hungry, resulting in a decreased perception of 
pain and an increased appreciation of the hedonicity of appetitive stimuli. The second 
(related to photograph type) would be stimulus-driven and perhaps manifested as a 
more direct competition for attention between food stimuli and pain, resulting in slight 
interference with nociceptive processing.  
 Our results provide a suggestion as to a possible mechanism underlying 
previous findings that fasting can reduce pain in chronic pain patients (Michalsen and Li 
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2013; Michalsen et al. 2002, 2005; Wilhelmi de Toledo et al. 2013), though we 
acknowledge that the short-lasting experimental pain we employed lacks almost all of 
the sensory and psychological features commonly seen in chronic pain. Thus, the 
clinical impact of the study is limited and needs to be established in future studies 
involving chronic pain patients. 
 
5.5.1 Limitations 
An additional control condition of pain without the context of any kind of visual stimuli 
was not included in the study. The extra control would have eliminated any possibility 
of an effect of unequal attention between the food and object photograph conditions, 
potentially strengthening our results. However, a control condition not displaying 
complex pictures may affect nociceptive processing differently from conditions 
involving pictures of food or objects, due to reduced demand on attention and decreased 
distraction. 
 Secondly, pain ratings were only significantly different for the fed and fasted 
conditions during the first block; after this they dropped considerably (Figure 12). The 
decline in subjective pain ratings is most likely due to habituation. This is an often cited 
hazard in LEP research where many trials are required (de Tommaso et al. 2005; 
Mobascher et al. 2010); one study showed that the habituation effect could be mitigated 
by continually increasing the laser intensity (Weiss et al. 1997), but this approach was 
beyond the scope of this study, where it was more important to match the laser intensity 
across the fed and fasted sessions.  
 
5.5.2 Conclusion 
The results of the current study demonstrate that hunger and visual food stimuli may 
partially suppress the cortical processing of noxious stimuli, and induce a short lived 
and small reduction in pain intensity. The clinical significance of these findings for pain 
relief in chronic pain patients is limited at this stage, and will need to be established in 
future studies. 
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Chapter 6 
 
Appetite-induced modifications of the functional connectivity of a pain 
network 
 
This experiment investigated changes in the functional connectivity of areas of the pain 
matrix induced by manipulations of appetite. 
It was written up for publication in a neuroscience journal. The format, but not the 
content, has been altered to match the style of the thesis. 
The roles of the co-authors are summarised below: 
I designed the study in collaboration with Andrej Stancak. Xiaoyun Li, Nicholas Fallon, 
and Stephanie Cook assisted with the data collection. Andrej Stancak and Nicholas 
Fallon provided training on fMRI data analysis. I analysed the data, interpreted the 
results, and wrote the manuscript. Nicholas Fallon, Stephanie Cook, Timo Giesbrecht, 
Anna Thomas, Joanne Harrold, Jason Halford, and Andrej Stancak contributed useful 
comments on the manuscript. 
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6.1 Abstract 
Hunger and pain are powerful homeostatic drives. Manipulations of appetite can 
produce robust effects on subjective and neural processing of pain. We defined a 
network of brain areas commonly implicated in pain processing, and investigated 
appetite-induced changes in the functional connectivity of the network when challenged 
by moderately painful laser stimuli. Twelve healthy participants underwent two fMRI 
scans, one after an overnight fast, the other following a large breakfast. Pain trials were 
discarded if participants had rated them as ‘not painful’, and those remaining were 
submitted for analysis in a paired t-test design. Functional connectivity between areas 
involved in stimulus saliency processing (anterior insula, ACC, and prefrontal cortex) 
was stronger during fasting, while functional connectivity between default mode 
structures (PCC and precuneus) was stronger during satiation. The enhanced PCC-
precuneus connectivity could be accounted for by differences in subjective hunger 
ratings between scans. Functional connectivity that likely underlies pain intensity 
coding, memory, and descending pain modulation was unaffected by changes in the 
homeostatic energy balance. Fasting appears to boost the saliency of any stimuli, which 
is likely advantageous when searching for food. Satiety is conducive to default mode 
activation, even in the face of moderate pain. 
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6.2 Introduction 
The neural basis of pain perception has been widely explored. There are a number of 
brain areas that have been repeatedly cited as being activated by short painful stimuli, 
and appear to constitute a widely distributed pain perception and affective evaluation 
network. Frequently reported components include the thalamus, insula (particularly 
contralateral to the painful stimulus), ACC, PCC, prefrontal cortex (PFC), amygdala, 
and hippocampus (Apkarian et al. 2005; Peyron et al. 2000). Pain-related precuneus 
activation is less clear; some studies show precuneus activation in response to painful 
stimuli (Maleki et al. 2013; Ter Minassian et al. 2013), others show pain-induced 
deactivation when precuneus is engaged with other DMN regions (Kong et al. 2010; 
Mantini et al. 2009). It is included here in the hopes of further elucidating the role of 
precuneus in pain perception. 
 The thalamus is a major target of nociceptive fibres originating in the 
spinothalamic tract (Bastuji et al. 2015; Garland 2012; Hodge and Apkarian 1990). 
From there, the pain signal is passed on to posterior insula (Dum et al. 2009). The role 
of thalamus and posterior insula in ascending pain processing appears to be closely 
related to physical sensation, with both implicated in mapping pain intensity (Coghill et 
al. 1999; Ostrowsky et al. 2002; Stephani et al. 2011; Wager et al. 2013). From 
posterior insula, the pain signal continues forward to anterior insula (Frot et al. 2014). 
Anterior insula is part of a wide affect-related network consisting of (among other 
areas) the ACC, amygdala, and PFC (Boccard et al. 2014; Derbyshire et al. 1997; 
Rainville et al. 1997). Hippocampal cortex and PCC may subserve memory-related 
processing during pain. They share dense connections (Leech and Sharp 2014), and 
while the specific roles of PCC are not yet well-understood, it is most often cited in 
memory or pain studies (Nielsen et al. 2005). The vital role of hippocampus in memory 
is well-established, and hippocampus activation to pain is likely involved in memory of 
past pain and the stress response to current pain (Liu and Chen 2009; Schwedt et al. 
2014). 
Pain induced activation of areas of this network can be modulated by many 
competing variables. Of interest here is one with homeostatic qualities that may 
compete with pain perception: appetite. Previous studies have shown that hunger is 
91 
 
represented in many of the same areas as pain (Tataranni et al. 1999; van Rijn et al. 
2015), and in addition to hunger suppressing behavioural responses to pain, reduced 
neural activation to nociceptive stimuli during fasting has also been observed (Wright et 
al. 2015). Since pain itself is a homeostatic drive (Craig 2003b), competition between 
hunger and pain may modify the strength of functional connections between areas of the 
pain network. 
 The current study modelled the pain-induced functional connectivity between 
the thalamus, anterior and posterior insula, ACC, PCC, amygdala, hippocampus, 
precuneus, and PFC, and investigated changes in connection strengths induced by 
fasting and satiation. We hypothesised that painful laser stimuli applied to the dorsum 
of the foot would compete with fasting-induced hunger, leading to some alterations in 
functional connectivity between these brain areas. This is the first study to investigate 
functional connectivity during nociception under conditions of hunger and satiety. 
 
6.3 Methods 
6.3.1 Screening 
Safety screening was carried out by a radiographer. The laser intensity to be used in the 
subsequent fMRI sessions was selected during the screening. Painful stimuli were 
produced using an Nd-YAP laser stimulator (Stim1324, El.En., Italy), with a spot size 
of 5 mm and a pulse duration of 3 ms. A 5 cm circle was drawn on the dorsal area of the 
participants’ left foot, and laser stimuli applied pseudorandomly within. Stimulus 
intensity scaling started at 1.5 J, and was incrementally increased in 0.25 J steps until 
participants gave a rating of 3-4 out of 7 (moderate pain). The scale was anchored as ‘1: 
no pain’ and ‘7: worst imaginable pain’. When this rating was achieved, five more 
stimuli at this intensity were applied to ensure that the rating remained consistent. The 
scaling was carried out while participants lay on the scanner bed with their head in the 
head-coil, giving some opportunity to acclimatise to the scanner environment before the 
experimental sessions. 
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6.3.2 Participants 
Twelve healthy volunteers (six male) with a normal BMI (World Health Organization 
2006) from the undergraduate and postgraduate student population of the University of 
Liverpool took part in this study. The mean age of the participants was 25 ± 4. 
Participants gave their written informed consent and the study was conducted in 
accordance with the Declaration of Helsinki. Local ethical approval was obtained from 
the University of Liverpool Research Ethics Committee. 
 
6.3.3 Procedure 
Participants attended two sessions, separated by at least 7 days. For the fasted session, 
they came for the scan after an overnight fast of at least 9 hours, and were not provided 
with breakfast. For the fed session, they were given a fixed load breakfast consisting of 
corn flakes, semi skimmed milk, toast, margarine, jam, and orange juice after the 
overnight fast, and then completed the scan. The total energy content of the fixed load 
breakfast was 531 kcal (2223 KJ) for females, and 791 kcal (2779.5 KJ) for males. The 
order of fed and fasted sessions was counterbalanced across participants.  
Hunger was measured using a 100 mm VAS immediately prior to the scans in 
both sessions. Blood glucose samples were obtained using a handheld monitor (Model: 
Accu-Chek Aviva, Roche Diagnostics Ltd., West Sussex, UK) immediately after the 
completion of the VAS. The day before both sessions, participants were instructed not 
to exercise more than they would normally, and not to eat or drink anything other than 
water from midnight. Compliance was assessed using diary entries and blood glucose 
testing. Participants also completed the POMS (McNair et al. 1971) at the start of both 
sessions. 
Before beginning the experiment a 5 cm circle was drawn on the dorsum of the 
left foot, and laser stimuli were applied pseudorandomly within. The laser intensity used 
was that which had been selected during screening. Participants were shown how to rate 
their pain using an MRI button box, and then completed five practice trials. If 
participants completed these successfully and consistently rated the pain they had felt as 
moderate (at least 4 on the 7 point scale), the experiment was started immediately. If 
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participants did not rate the pain as moderate, the laser intensity was increased until they 
did so consistently, and then the experiment was started. The same stimulus intensity 
was used for both sessions. 
The fMRI experiment was comprised of one continuous block containing 44 
trials. Each trial began with a fixation cross, the duration of which was jittered 
randomly between 9000 and 13,000 ms. The fixation cross was then replaced by a 
photograph of either food or an object. Photographs were presented in a pseudo 
randomised order, such that no more than three photographs from the same category 
were presented consecutively. The photograph was visible for exactly 5000 ms, and a 
laser stimulus was applied randomly between 1000 and 4000 ms after the onset of the 
photograph. The screen went blank for 1000 ms, and then participants rated the pain 
they had felt on the scale of 1-7. A visual representation of the trial structure is shown in 
Figure 15. E-Prime 2.0 Professional (Psychology Software Tools, Inc: Pennsylvania, 
USA) was used as the stimulus presentation program. All photographs had a light 
coloured background and measured 492 x 329 pixels, with a resolution of 72 dpi. 
 
 
 
 
6.3.4 Data acquisition 
Scans were undertaken on a whole-body Siemens Trio 3T scanner (Siemens, Erlangen, 
Germany) with an eight-channel RF head-coil. Foam padding and cheek clamps were 
used to restrict head movement. Two dummy scans at the start of the block were 
discarded, in order to remove T1 saturation effects. An EPI sequence was used to 
acquire functional images covering the whole brain (42 axial slices), TR = 2500 ms, TE 
Figure 15 Trial structure.   
Each trial began with a 
fixation cross randomly 
lasting between 9 and 13 s. 
It was replaced by a 
photograph of an inedible 
object, visible for 5 s. A 
painful laser stimulus was 
randomly between 1 and 
 
applied randomly between 1 and 4 s after the onset of the photograph. The screen went blank for 1 s, and 
then participants rated the pain they felt on a scale of 1 to 7 (1 = no pain; 7 = worst imaginable pain). 
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= 30 ms, slice order = interleaved ascending, flip angle = 90°, matrix = 64 x 64, field of 
view = 192 mm, slice thickness = 2.5 mm (0.5 cm gap), voxel size at acquisition = 3.0 x 
3.0 x 2.5 mm. 
Grey matter, white matter, and CSF masks were produced by segmenting the 
SPM template EPI image in SPM. The thalamus, ACC, PCC, and bilateral amygdala, 
hippocampus, prefrontal cortex (PFC), and precuneus ROIs were produced using the 
SPM WFU Pickatlas toolbox (www.nitrc.org/projects/wfu_pickatlas; Maldjian et al. 
2003; 2004). The PFC ROIs are composed of the ‘frontal superior’, ‘frontal superior 
medial’, and ‘frontal mid’ masks. Bilateral anterior insula and posterior insula ROIs are 
based on co-ordinates from Cauda et al. (2011), converted from Talairach to MNI space 
using the ‘tal2mni’ script (Brett 2001). Tissue maps and ROIs were resliced to match 
the preprocessed functional image dimensions, and imported to Conn. The ROIs are 
presented in Figure 16 superimposed over a T1 scan from a randomly selected 
participant. 
 
 
Figure 16 ROIs selected a priori for the functional connectivity analysis, superimposed over a 
randomly selected participant’s T1 scan. The ROIs consist of masks created using brain atlas 
toolboxes compatible with SPM. Red = anterior insula; dark blue = posterior insula; cyan = 
PFC; pink = ACC; green = thalamus; lilac = PCC; orange = precuneus; yellow = amygdala; 
purple = hippocampus. 
 
 
6.3.5 Data rejection 
Due to poor neural responsiveness to pain stimuli presented during the food 
photographs, all trials containing food photographs were dropped from the analysis. 
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This immediately reduced the proportion of usable data by 50 %. Remaining trials 
which were given a pain intensity rating of 1 (‘no pain’) were also omitted from the 
analysis, as we were only interested in brain activity to painful stimuli. Due to the 
paired t-test design, the maximum number of trials accepted per participant was equal to 
the minimum number of trials given a pain intensity rating of 2 or above by that 
participant in either session. The mean number of submitted trials per participant was 
18.6 ± 2.2and the total number of trials entered into the analysis was 224; representing 
44 % of the overall original number of collected trials. 
 
6.3.6 BOLD data analysis 
SPM8 was used to preprocess the data. Images were slice-timing corrected, realigned 
and unwarped to correct for head motion, normalised to the SPM EPI template, and 
smoothed with a 6 mm full width half maximum Gaussian kernel. At the first level, 
trials were defined as beginning at the application of the pain stimuli and lasting for one 
second. The BOLD responses to pain were evaluated separately for the fasted and fed 
conditions using one sided t-tests, and the first level results were then entered into the 
second level analysis in a paired t-test design. 
 
6.3.7 Functional connectivity data analysis 
The preprocessed images from the BOLD data analysis were imported to the functional 
connectivity toolbox Conn v.13 (www.nitrc.org/projects/conn; Whitfield-Gabrieli and 
Nieto-Castanon 2012). 
The entire time course of data was entered into the set-up stage of the analysis. 
The data were band-pass filtered from 0.008-0.09 Hz to remove noise and low 
frequency drift, and signal from white matter and CSF was defined as confounds and 
removed with linear regression. Realignment parameters were entered as first level 
covariates.  
Trials were defined as beginning at the application of the pain stimuli and lasting 
for one second, and were convolved with a Gaussian kernel to emulate the HRF.  They 
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were entered in separate fasted and fed conditions, in a paired t-test design. At the first 
level, ROI-to-ROI connectivity maps for each participant and each ROI were generated 
separately for the fasted and fed sessions. For group-level analysis, one-sided t-tests 
were used to examine changes in ROI-to-ROI connectivity between sessions. No 
restrictions were placed on connectivity between any of the ROIs; each ROI was free to 
be tested in combination with any of the others. 
 
6.3.8 Statistical analyses 
Behavioural and blood glucose data were analysed with SPSS v.22 (IBM, NY, USA), 
using paired Student’s t-tests; FDR-corrected functional connectivity maps were derived 
from Conn’s native analyses. Correlational data were extracted from Conn’s first level 
statistics output and analysed in SPSS. 
 
6.4 Results 
6.4.1 Behavioural and glycaemic 
There were no significant differences in reported mood between the sessions (p > .05), 
and no significant differences in pain ratings between sessions (p > .05), or between 
photograph type in the context of sessions (p > .05). Pain ratings for session and 
photograph type are presented in Table 6 below.  
 
Session 
 
Fasted 
 
 
 
Fed 
Session + Photograph Type 
 
Fasted + F           Fasted + O 
 
 
Fed + F 
 
 
Fed + O 
     
3.4 ± .7 3.2 ± .7 3.3 ± .8                3.4 ± .9 3.2 ± .7 
 
3.2 ± .7 
 
 
 
Table 6 Pain ratings by session, and by photograph type in the context of session. F = 
food photograph; O = object photograph; ± = standard deviation. 
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VAS ratings showed that during the fasted session, participants were 
significantly more hungry than they were during the fed session (t (11) = 19.1, p < 
.001). Blood glucose readings were unavailable for two participants; data from the other 
ten participants showed that scores were significantly lower during the fasted session 
than during the fed session (t (9) = -7.5, p < .001). 
 
6.4.2 Subtraction BOLD results 
The contrast fasted > fed did not produce any significant results with a FWE corrected 
threshold, or at p < .001 uncorrected . The contrast fed > fasted did not produce any 
significant results with FWE correction, but produced two significant clusters at p < 
.001 uncorrected with a 100 voxel minimum cluster extent threshold. The first was 
located in the ACC (MNI coordinates = 0, 30, 30; k = 271; t = 6.1); the second in the 
left MFG (MNI coordinates = -38, 30, 34; k = 293; t = 7.0). 
 
 
 
6.4.3 Functional connectivity results 
Functional connectivity results are shown in Figure 18. The underlined ROIs appear to 
be ‘hubs’ which are functionally connected to several different areas. Dashed purple 
lines indicate equal functional connectivity between both sessions (FDR-corrected, p < 
Figure 17 BOLD 
data analysis 
results 
superimposed over 
the SPM8 EPI 
template. The 
contrast fed > 
fasted produced 
significant clusters 
in the ACC and 
MFG. A = 
anterior; P = 
posterior; L = left; 
R = right. 
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.05). A solid red line shows stronger connectivity during the fasted session (contrast: 
fasted > fed, FDR-corrected, p < .05). A solid blue line shows stronger connectivity 
during the fed session (contrast: fed > fasted, FDR-corrected, p < .05). 
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Figure 18  Functional connectivities provoked by painful laser stimuli. Purple dashed lines are 
connectivities that are equally strong across the fasted and satiated conditions. Solid red lines 
indicate functional connections that were stronger during the fasted session than the fed session; 
solid blue lines are functional connectivities that were stronger during the fed session than the 
fasted session. THAL = thalamus; RHIPP = right hippocampus; LHIPP = left hippocampus; 
RAMY = right amygdala; LAMY = left amygdala; RPI = right posterior insula; LPI = left 
posterior insula; RAI = right anterior insula; LAI = left anterior insula; RPFC = right PFC; 
LPFC = left PFC; PREC = precuneus. 
 
 
 The thalamus ROI is connected to right posterior insula (RPI) equally during 
both sessions, and significantly more strongly to left hippocampus during the fasted 
session. Insula cortex is highly interconnected. Right anterior insula (RAI) is 
significantly more strongly connected to the ACC and right PFC during the fasted 
session, and to left posterior insula (LPI) during the fed session. The hippocampal ROIs 
are also densely connected with each other, and with bilateral amygdala. The ACC is 
connected to bilateral PFC during both sessions; PCC is connected to right PFC and left 
hippocampus. The PCC is more strongly connected to precuneus during the fed session.  
 
6.4.3 Covariates 
The enhanced functional connectivity between PCC and precuneus disappeared when 
hunger ratings (expressed as Δ difference scores between sessions) were added as a 
second level covariate, underscoring the association of this connectivity with changes in 
appetite induced by the experiment paradigm. 
 
6.5 Discussion 
No significant activations were seen for the contrast fasted > fed, but fed > fasted 
produced significant clusters in the ACC and MFG. The ACC is a core component of 
the pain matrix, cited almost without exception in neuroimaging studies of pain. The 
MFG is also often cited in pain studies (e.g. Baron et al. 1999; Brooks et al. 2002; 
Iadarola et al. 1998; Song et al. 2006). The appearance of a significant cluster in MFG 
did not constitute a valid reason to exclude the rest of the PFC from the functional 
connectivity analysis, since other areas of frontal cortex are frequently found to be 
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active during the experience of pain (Bornhovd et al. 2002; Derbyshire et al. 1997; 
Ohara et al. 2004a; Seifert et al. 2012). There may also have been  areas responding to 
pain equally strongly in both fasted and satiated conditions that the simple subtraction 
analysis could not identify (Sommer 2002). Nonetheless, these results provided some 
support for our a priori selection of ROIs for the functional connectivity analysis, and 
some reassurance that the collected data was sufficient despite having to discard over 50 
% of the trials. 
The functional connectivity results showed that appetite manipulations provoked 
some significant changes in connectivity between areas of the pain network; 
connectivity between other areas remained unaffected. 
 
6.5.1 Altered connectivity during fasting 
Lateralised (Almashaikhi et al. 2014; Augustine 1996; Cloutman et al. 2012) and cross-
hemispheric (Gay et al. 2014) insula subregions are highly interconnected in humans. 
Anterior insula has previously been shown to be part of a salience network which also 
contains the ACC (Cauda et al. 2012; Fox et al. 2006; Kemmer et al. 2015), and is often 
also active in conjunction with the PFC (Menon and Uddin 2010; Seeley et al. 2007; 
Sridharan et al. 2008; Uddin 2015). It appears to function as a ‘hub’, connecting salient 
stimuli with higher order processing, interoceptive, and affect-related areas (Critchley et 
al. 2004; Menon and Uddin 2010; Peltz et al. 2011; Pessoa 2013; Sterzer and 
Kleinschmidt 2010; Uddin 2015). The enhanced functional connectivity during fasting 
between RAI and ACC, and RAI and right PFC (Figure 18, panel B) is not due to 
heightened pain perception, since pain ratings did not differ across sessions.  Rather, 
these results seem to be due to enhanced saliency of any stimuli when appetite is 
heightened.  Other studies have reported similar intensification of physiological 
responses to both food-related and food-unrelated stimuli during hunger (Loch et al. 
2015; Tong et al. 2011; Wright et al. 2015), which is presumably advantageous when 
seeking food (Stafford and Welbeck 2011). 
 The thalamus is structurally connected to hippocampus (Xia et al. 2012), a 
limbic structure which is involved in anxiety and catastrophising about pain (Gondo et 
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al. 2012; Lin et al. 2013; Ploghaus et al. 2001). Again, the enhanced connectivity found 
during fasting (Figure 18, panel A) may be due to a general effect of enhanced stimulus 
saliency when appetite is heightened. Hippocampal and thalamic activation has been 
shown to be related to stimulus saliency in other contexts (Deborah et al. 2002; Kushnir 
et al. 2013; Zweynert et al. 2011). 
 
6.5.2 Altered connectivity during satiation 
The increased functional connectivity between left posterior and right anterior insula 
seeds during the fed session (Figure 18, panel B) may be stable and attributable to 
satiety rather than anything to do with pain. A previous study using water deprivation 
instead of fasting found that bilateral anterior insula and left posterior insula are part of 
a network which shows increased functional connectivity after thirst satiation (Farrell et 
al. 2011); possibly a similar network is activated by hunger satiation. 
The PCC was more strongly connected to precuneus during satiety, and this 
enhanced connectivity was eliminated when Δ hunger scores were added as a second 
level covariate, underscoring the association with the appetite manipulation.  Precuneus 
and PCC are core parts of the DMN (Fransson and Marrelec 2008; Laird et al. 2009; 
van den Heuvel et al. 2008). While it seems counterintuitive that the DMN could be 
active in a study utilising painful stimuli, other research has shown that participants’ 
attention does spontaneously ‘wander’ while noxious stimuli are applied, and that these 
lapses of attention are associated with DMN activity (Kucyi et al. 2013). The 
relationship between metabolic energy balance and the DMN is under-explored, and 
what little research exists focusses predominantly on obesity (e.g. Kullmann et al. 2012; 
McFadden et al. 2013; Tregellas et al. 2011). However, previous research from our 
laboratory with healthy participants found increased functional connectivity between 
posterior insula and DMN areas during satiety in a recent resting-state study (Wright et 
al. 2016). The DMN activation during satiety may be due to feeling restful after eating a 
large meal; neurons which prompt wakefulness and food seeking during fasting are 
switched off by glucose administration (Burdakov et al. 2005). 
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6.5.3 Unaltered connectivity 
Connectivity between thalamus and contralateral posterior insula (RPI) is equally strong 
during both sessions (Figure 18, panel A). It is likely that this is a bottom-up pathway; 
there are ascending nociceptive connections between brainstem and thalamus (Brooks 
and Tracey 2005), and posterior insula receives direct projections from spinothalamic 
tract neurons (Dum et al. 2009). Findings from electrophysiological studies also 
describe pain-induced activation of posterior insula before anterior insula (Frot et al. 
2014). Thalamus (Coghill et al. 1999; Wager et al. 2013) and posterior insula 
(Ostrowsky et al. 2002; Stephani et al. 2011; Wager et al. 2013) appear to map pain 
intensity. Since pain ratings were not significantly different across sessions, a difference 
in functional connectivity at this point would be unexpected. 
 The hippocampus and amygdala (Figure 18, panel C) are structurally, 
functionally, and effectively connected (Fastenrath et al. 2014; Liu et al. 2011; 2015; 
Zhou et al. 2015), and the functional connectivity between them is enhanced by stress 
(Ghosh et al. 2013; Vaisvaser et al. 2013). Previous observations of amygdala and 
hippocampal activation by pain stimuli have been attributed to emotional learning (Liu 
et al. 2010), and vigilance to upcoming pain stimuli (Liu et al. 2011). Experiencing 
more generally aversive events such as financial loss (Hahn et al. 2010) also appears to 
evoke increases in amygdala-hippocampal functional connectivity, as does memory 
retrieval of emotionally valenced information (Smith et al. 2006), and memory 
formation under the threat of punishment (Murty et al. 2012). In the current study pain 
was rated as equally intense across sessions, and therefore likely also experienced as 
equally aversive. The lack of differences in amygdala-hypothalamic functional 
connectivity strengths is therefore to be expected, if the connectivity is indeed due to the 
aversiveness of the pain stimuli. However, hippocampus is also functionally connected 
to precuneus and PCC in the current study. These areas are structurally connected 
(Palesi et al. 2012; Parvizi et al. 2006; Teipel et al. 2010), and the addition of PCC-
precuneus functional connectivity to amygdala-hippocampal connectivity has 
previously been found following acute stress (Veer et al. 2011). This network seems 
ideally placed to integrate pain-induced affect with autobiographical memory; we 
requested a pain rating after every trial, and negative arousal may form an important cue 
when comparing the perceived intensity of the nociceptive stimulus to previous painful 
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stimuli. It is not possible to determine which, or even if either, of these explanations is 
correct, but both would account for the equal strengths of functional connectivity across 
sessions. 
 Cingulate cortex (ACC and PCC) was equally functionally connected to PFC 
during both sessions (Figure 18, panels D, E, F). Cingulo-frontal connectivity may be a 
pathway for descending pain modulation (Valet et al. 2004; Watson et al. 2009), 
possibly by the top-down modulation of negative affective response to pain (Kong et al. 
2013), though it should be noted that several studies implicating the ACC in placebo 
analgesia did not find a similar role for PCC (Kong et al. 2013; Koyama et al. 2005; 
Price et al. 2007; Wager et al. 2004). If descending pain modulation is indeed dependent 
on reduction of negative emotional responses then it would make sense that the ACC 
has a role to play while the PCC does not. However, this relationship is not yet 
established, and will likely become clearer as other network analyses are conducted. 
Regardless, the subjective pain ratings being equal across fasting and satiety would be 
expected if the cingulo-frontal connectivity observed here is due to descending pain 
modulation. 
 
6.5.4 Comparison of subtraction and functional connectivity results 
At first glance it appears that the subtraction and functional connectivity results are 
conflicting, but this is actually not the case. The subtraction analysis produces 
information concerning differences in the degree of activation of discrete areas across 
conditions; the functional connectivity analysis is not concerned with the degree of 
activation of discrete areas and only discerns shared patterns of activation between 
areas. Functional connectivity is calculated from the correlation between time series of 
different brain areas (Friston 1994; Friston et al. 1996). While the ACC and left MFG 
are more strongly activated in the fed condition, neither area shows stronger functional 
connectivity in the fed condition, and they are not more strongly connected with each 
other during the fed session (left MFG is part of the left PFC ROI). So, although the 
ACC and MFG are more strongly activated during the fed session, their temporal 
patterns of response to the pain stimuli are equivalent whether the participants are fasted 
or fed. As mentioned in section 6.5.3, their shared connectivity may be due to their roles 
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in descending pain modulation. It should also be noted that the clusters identified in the 
subtraction analysis are dwarfed by the volume of the ROIs used for the functional 
analysis, which were created from masks defined by brain atlases. The ROIs therefore 
contain signal from many more voxels than the identified clusters, meaning that the two 
analyses are actually incorporating different brain areas, especially the MFG.  
 
6.5.5 Limitations 
Due to the unforeseen issue of poor neural responsiveness to pain stimuli presented 
concurrently with food photographs, all trials containing food photographs had to be 
dropped from the analysis. This removed half the number of trials immediately, and 
remaining trials given a pain intensity rating of no pain also had to be removed from the 
analysis. Trial numbers were reduced further due to the paired t-test design employed, 
meaning that an omission of a trial rated as not painful in one session also had to be 
removed from the other session. This drastically cut the number of useable trials, and 
our results should therefore be treated with ample caution. 
 Another issue is the large seed defined as PFC in the current study. While it is 
clear from other research that there are several functionally divergent areas within PFC, 
we had no clear a priori motive to pick one, and including them all as separate seeds 
would have made an already complex study too vast. It would have been more 
enlightening to subdivide PFC into its various components, but unfortunately this was 
beyond the scope of this highly exploratory study. 
 
6.5.6 Conclusion 
Experiencing moderately painful laser stimuli provokes many functional connections 
between widely distributed brain regions. Fasting appears to boost the saliency of any 
stimuli, a result which is in accordance with other studies using food-related and food-
unrelated stimuli, and is underlined by the recruitment of nodes of the saliency network: 
anterior insula, ACC, and PFC. A general increase in alertness is presumably 
advantageous when searching for food. 
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Chapter 7 
 
The effect of olfactory stimuli and energy manipulations on 
nociception 
 
 
This experiment investigated the effects of a food odour and a pleasant, non-food odour 
on weak and strong pain during fasting and satiety. 
It was written up for submission to Chemical Senses. The format, but not the content, 
has been altered to match the style of the thesis. 
The roles of the co-authors are summarised below: 
I designed the study in collaboration with Andrej Stancak and Joanne Harrold. Andrej 
Stancak, Nicholas Fallon, and Stephanie Cook provided training and assistance with the 
experiment set-up. I collected and analysed the data, and wrote the manuscript. Andrej 
Stancak, Nicholas Fallon, Stephanie Cook, Timo Giesbrecht, Anna Thomas, Joanne 
Harrold, and Jason Halford contributed useful comments on the manuscript. 
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7.1 Abstract 
Hunger and pain are vital homeostatic drives which may compete for attention when 
experienced simultaneously. While there are contradictory results regarding analgesia 
induced by manipulations of the homeostatic energy balance, food cues that signal the 
immediate availability of food appear to consistently disrupt pain processing. We used a 
bread odour as a salient food cue, and compared pain intensity ratings of electric shock 
stimuli paired with the bread odour to those paired with a linen odour, and those in a 
clean air control condition. We hypothesised that the food odour would suppress pain 
processing more successfully than the linen odour or clean air, especially when 
participants were in a state of depleted homeostatic energy balance. 
 Sixteen healthy participants took part in two sessions, one fasted and one 
satiated. We found that weak pain stimuli were rated as less intense when participants 
were fasted, regardless of the odour paired with the stimuli. Strong pain stimuli were 
also rated as less intense when participants were fasted, but only when paired with the 
bread odour. Our results suggest that food odours may capture attention more than other 
pleasant but non-food odours, especially when the homeostatic energy balance is 
depleted. 
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7.2 Introduction 
Pain is a homeostatic drive (Craig 2003b; 2013), and as such, it is logical to speculate 
that other homeostatic drives could compete with pain for attention. In support of this 
theory, a plethora of research demonstrates that in humans, ingesting (Blass and 
Hoffmeyer 1991; Bucher et al. 1995; Zmarzty et al. 1997), or viewing (Wright et al. 
2015), palatable substances, experiencing hunger for air (Morelot-Panzini et al. 2007; 
Nishino et al. 2008; Yashiro et al. 2011), and activation of the sympathetic nervous 
system by stress (Fechir et al. 2009) can decrease pain perception. 
 The experience of pain can also be moderated by non-homeostatic-related 
distractions (e.g. Asl Aminabadi et al. 2012; Cerne et al. 2015; Frankenstein et al. 2001; 
Jeffs et al. 2014; Ozdemir and Tufekci 2012; Rutter et al. 2009; Sparks 2001; Villarreal 
et al. 2012) Whether homeostatic or non-homeostatic stimuli are more effective at 
decreasing pain perception is unclear, and may depend upon the objective pain 
intensity, pre-existing perturbations of the homeostatic energy balance, or both. 
 Olfactory stimuli are not frequently used in studies, probably due to the 
technical challenges involved. Studies with rodents have generally used lemon oil as the 
odourant. Presentation of lemon oil aroma significantly reduces pain-related behaviour 
and modulates pain-induced neurochemical release in a variety of brain structures 
(Aloisi et al. 2002; Ceccarelli et al. 2002; Ikeda et al. 2014). However, it is not at all 
clear that lemon oil represents an appetitive food odourant (lemons are edible, but it is 
not wise to take a bite out of one), and therefore it is doubtful that it is immediately 
engaging to homeostatic processes. Rather, lemon oil aroma appears to affect limbic 
structures; destroying the ACC abolishes the aroma-induced suppression of pain-related 
behaviour and modulation of pain-induced neurochemical release (Ikeda et al. 2014). 
One study utilised an odour clearly related to homeostasis, a predator odour, and found 
that predator odour stress produced hyperalgesia to heat pain (Roltsch et al. 2014). 
 In humans, there is a similar dearth of information regarding homeostatically 
relevant odours. One study found that odours judged to be unpleasant had the effect of 
increasing pain perception (Bartolo et al. 2013), though other investigators did not 
observe this effect (Marchand and Arsenault 2002). One more study concluded that the 
valence of the odour was unimportant; both pleasant and unpleasant odours resulted in 
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heightened pain in comparison to no odour (Martin 2006). The majority of research, 
though, has found that pleasant odours reduce the perception of pain (Aou et al. 2005; 
Bartolo et al. 2013; Demers et al. 2004). This occurs even if participants are not 
consciously aware of any odour manipulation taking place (Leduc et al. 2007). 
 The majority of human research with food odours and pain has focussed on 
infants. Interestingly, in studies that controlled odour familiarity by having very young 
infants as the participants, familiar odours (mother’s milk, vanilla) led to decreased 
pain-induced behaviours during the time after a painful procedure; pleasant but 
unfamiliar odours did not (Goubet et al. 2003; Rattaz et al. 2005). Other research 
showing that infants exhibited fewer pain-induced behaviours after smelling their 
mother’s milk in comparison to infants smelling a different mother’s milk or formula 
milk (Nishitani et al. 2009) may, therefore, not actually have found a specific anti-
nociceptive effect of the infants’ own mother’s milk so much as a more general effect of 
odour familiarity. 
 Only two studies that used overtly homeostatically relevant odours and adult 
participants could be located. One (Villemure and Bushnell 2007) presented 
androstadienone, a pheromone found in men’s sweat, and found that perceived pain 
intensity was increased, particularly in women. The authors hypothesise that this effect 
was due to the compound heightening participants’ attention. The other study (Prescott 
and Wilkie 2007) compared the effect of a sweet smelling odour (caramel) and a 
pleasant odour that did not smell sweet (aftershave) on pain tolerance. Despite the 
odours being rated as equally pleasant, the sweet odour significantly increased pain 
tolerance, while the pleasant, non-sweet odour did not affect pain tolerance. The authors 
interpret these results as being due to a conditioned association between sweet odours 
and sweet tastes. 
 
7.2.1 Food odours 
Responses to food odours differ from responses to non-food odours, and this 
modulation varies according to satiety status; after consuming a meal, participants 
reported a decrease in the pleasantness of food odours (alliesthesia) but no decrease in 
109 
 
response to non-food odours (Albrecht et al. 2009; Duclaux et al. 1973). Some neurons 
in monkey OFC have been found to decrease their firing rate in response to the smell of 
a food fed to satiety, while retaining or increasing their firing rate in response to the 
smell of other food and non-food odours (Critchley and Rolls 1996). Decreased 
activation has also been found in human OFC in response to the smell of a food 
(banana) eaten to satiety, with no such decrease in response to another food odour 
(O'Doherty et al. 2000). One additional study found that insula showed activations 
specific to food odour (Small et al. 2007). Taken together, these studies suggest that 
food odours hold a special significance in comparison to other biologically irrelevant 
odours, and may therefore interfere with pain processing. 
  
7.2.2 Aims and hypotheses 
If appetite and pain do indeed compete for attention and a behavioural response, as 
suggested by previous studies (e.g. LaGraize et al. 2004; Mason and Foo 2009; Wright 
et al. 2015), food odour could interfere with pain processing so that pain intensity and / 
or pain unpleasantness are attenuated. These effects may be stronger when participants 
have been fasting overnight and are in a state of homeostatic energy deficit. 
 In order to assess whether food odours are indeed the only odours capable of 
modulating pain perception, we compared the effects of a food odour and a non-food 
odour that were closely matched in terms of intensity, pleasantness, and familiarity. We 
decided not to use an unpleasant odour as some other studies have done, as the food 
odour is supposed to evoke participants’ appetite, a process which could easily be 
disrupted by a disgusting unpalatable odour. Previous studies using odours to evoke 
appetite also opted to omit unpleasant odours from their design (Ramaekers et al. 2014). 
 Lastly, the effects of odours may be different across different pain intensities, as 
strong pain clearly has more homeostatic significance than weak pain. We therefore 
designed an experiment where strong or weak pain stimuli were presented during pulses 
of food odour, non-food odour, or clean air, and asked participants to rate pain intensity, 
pain unpleasantness, and odour intensity after each odour pulse. The experiment was 
repeated twice, once after an overnight fast, and once after breakfast. We predicted that 
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the food odour would suppress pain processing more than the non-food odour, 
especially during a fasting-induced energy deficit. 
 
7.3 Methods 
7.3.1 Participants 
People with asthma or an eating disorder were not permitted to take part in the study. 
Potential participants were screened for olfactory acuity using Sniffin’Sticks (US 
Neurologicals LLC, Washington, US); only people with a score of 75 % or above were 
accepted. Sixteen healthy participants (4 male, 12 female) from the undergraduate and 
postgraduate student population of the University of Liverpool took part in this study. 
The average age of the participants was 27 years ± 7 (mean ± SD). Participants gave 
their written informed consent, and the study was conducted in accordance with the 
Declaration of Helsinki. Ethical approval was obtained from the University of Liverpool 
Research Ethics Committee. 
 
7.3.2 Procedure 
The food odour used in the experiment was bread (Symrise Ltd., Netherlands); the 
pleasant non-food odour was fresh linen (Mistral Chemicals, UK). Both were diluted in 
propylene-glycol (1, 2-Propanediol 99%, Sigma-Aldrich Ltd., UK). The intensity of the 
bread and linen odours used were individually scaled for participants during the 
preliminary screening session. They were matched closely for pleasantness, familiarity, 
and intensity, while the bread odour had to be rated as smelling definitively ‘edible’, 
and the linen odour rated as definitely not edible. These odour intensities were then used 
for the experimental sessions. 
Participants were asked not to eat or drink anything other than water from 
midnight before they attended the experiment at 9 am. Compliance was assessed with 
diary entries and blood glucose testing. Participants completed two sessions, 23 ± 24 
days apart. They either remained fasted for the experiment (fasted session), or were 
provided with a fixed-load breakfast (fed session). The breakfast consisted of 
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cornflakes, semi-skimmed milk, a cereal bar, and apple juice, and contained 
approximately 21 % of the recommended daily calorie allowance for both males and 
females. Measures of hunger and blood glucose were taken immediately prior to the 
experiment in both sessions. 
The experiment took place in a well-lit, sound attenuated room. Participants 
wore a respiration belt (ADInstruments Ltd., Oxford, UK) around the epigastrium to 
allow the experimenter to trigger the olfactory stimulus release at the point of 
inspiration. Olfactory stimuli were delivered approximately 1 cm under the participants’ 
nose using a custom-built olfactometer (DancerDesign, Wirral, UK). Odours were 
embedded within a constant clean air flow of approximately 2 litres / minute, in order to 
avoid any effects of participants sensing changes in the strength of the air flow (Huart et 
al. 2012). A BlueAir 203 air purifier (BlueAir Ltd., Sweden) was run at maximum 
power throughout to minimise residual odour from previous trials. 
Pain stimuli were produced using electric shocks. A train of three electrical 
stimuli separated by 15 ms were delivered with two electrodes (cathode proximal; 
anode distal) attached to the little finger, produced by a Digitimer
TM
 electrical 
stimulator. The temporal closeness of the stimuli in the train produced a subjective 
feeling of one electric shock. 
Three odour types were presented: bread, linen, and clean air (control odour). A 
pain stimulus, either strong or weak, was embedded within each odour pulse. This 
design produced six trial types: bread + strong pain, bread + weak pain, linen + strong 
pain, linen + weak pain, clean air + strong pain, and clean air + weak pain. The 
experiment consisted of 90 trials, split into three blocks, in order to allow participants to 
take a short break and relax in between. Each block contained 5 of each trial type, 
presented pseudo-randomly. The pain stimuli were individually scaled for each 
participant at the start of the first experimental session, with an intensity of three out of 
ten utilised as the weak stimulus, and seven out of ten as the strong stimulus. The 
stimulus intensities used in the first session were used again in the second session. 
Before the experiment in both sessions, participants rated the odours for familiarity, 
intensity, and liking. Trial structure is presented in Figure 19. 
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Figure 19 Trial structure. A pseudo-randomly chosen weak or strong pain stimulus was applied 
within a bread, linen, or clean air odour pulse. Participants were then prompted to indicate 
whether the pain had been weak or strong, and rated pain intensity, pain unpleasantness, and 
odour intensity with VAS. After around 4 seconds, the next odour was released when 
participants started to inhale. 
 
 
Each trial began with a white fixation cross on a black background. When 
participants started to inhale, the experimenter manually triggered the odour release. 
The cross turned blue during the odour presentation, which lasted four seconds. Exactly 
one second after the start of the odour presentation, an electrical stimulus was applied. 
When the odour pulse was switched off, the clean air was switched back on, the cross 
disappeared for one second, and then a forced-choice screen was presented where 
participants had to decide whether the preceding pain was strong or weak. Lastly, a 
series of three 100 mm VAS were presented. The first was to rate the pain intensity 
(anchored with ‘no pain’ and ‘extreme pain’), the second to rate pain unpleasantness 
(anchored with ‘neutral’ and ‘extremely unpleasant’), and the third to rate odour 
intensity (anchored with ‘no odour’ and ‘very intense odour’). There was a gap of at 
least 15 seconds between odour pulses. 
E-prime 2.0 professional (PST, Pittsburgh, USA) was used to present odour and 
pain stimuli. LabChart 7 (ADInstruments, Oxford, UK) was used to monitor respiration 
data. 
 
7.3.3 Statistical analysis 
SPSS v. 20 (IBM) was used to perform statistical analyses. Trials with clean air as the 
odour stimuli were removed if participants rated the odour intensity as 20 % or higher; 
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these trials were likely contaminated with residual odour from the previous trial and 
were therefore unsuitable for use as control trials. 
 
7.4 Results 
Technical difficulties resulted in missing glycaemia data for one participant in the fasted 
session, and two participants in the fed session. Since participants showed considerable 
habituation to the pain stimuli, a common problem which we have experienced 
previously (Wright et al. 2015), the results described hereafter are derived from only the 
first block of each session, decomposed into single trials. All results are adjusted with 
the Holm-Bonferroni correction for multiple comparisons (Gaetano 2013; Holm 1979). 
 
7.4.1 Odour judgements 
Familiarity, liking, and intensity ratings were acquired for the bread and linen odours at 
the beginning of each session. Mean ratings and standard deviations are presented in 
Table 7. 
 
Table 7 
  Fasted   Fed  
Odour Intensity Familiarity Liking Intensity Familiarity Liking 
Bread 73 ± 15 82 ± 14 70 ± 13 81 ± 8 85 ± 16 74 ± 14 
Linen 81 ± 12 90 ± 9 79 ± 14 88 ± 9 91 ± 5 86 ± 11 
 
 
There was a main effect of odour across judgement ratings; the linen odour was 
rated as more intense (F(1,15) = 18.64, p < .01), familiar (F(1,15) = 8.87, p < .05), and 
liked (F(1,15) = 8.05, p < .05)  than the bread odour. There was also a main effect of 
session across odour types; both odours were rated as more intense (F(1,15) = 9.37, p < 
.05) and more liked (F(1,15) = 5.67, p < .05) during the fed session. There were no 
significant interactions. 
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7.4.2 Hunger and glycaemia 
Participants were significantly more hungry during the fasted session than the fed 
session (mean increase of 56 ± 26 on the VAS; t (15) = 8.64, p < .001), and recorded 
significantly lower blood glucose levels (mean fasted reading = 5.2 mmol/L ± 0.6 
mmol/L; mean fed reading = 7.1 ± 0.9 mmol/L; t (12) = 8.62, p < .001). 
 
7.4.3 Pain ratings 
For weak pain trials there was a main effect of odour across sessions (F(2,114) = 3.36, p 
< .05), but no post hoc t-tests were significant after correcting for multiple comparisons.  
There was also a main effect of session (F(1,57) = 6.5, p < .05) whereby stimuli were 
rated as less painful during the fasted session. Post hoc t-tests, corrected for multiple 
comparisons, showed significant results for all three odours: bread (t (73) = -2.89, p = 
.02); linen (t (78) = -2.18, p = .04); and clean air (t (58) = -2.34, p = .04). There was no 
significant interaction.  
For strong pain trials there was a main effect of session (F(1,45) = 6.46, p < .05). 
There was no main effect of odour and no significant interaction. Post hoc t tests 
corrected for multiple comparisons revealed that only the bread odour was associated 
with lower pain ratings in the fasted session (t (68) = -2.85, p = .02). 
Pain intensity ratings by session, stimulus strength, and odour type are shown in 
Figure 20. Pain unpleasantness ratings were unaffected by satiety status or odour type 
after correction for multiple comparisons. Very few mistakes were made in 
identifying the pain stimuli as weak or strong, and there were no significant differences 
in the number of errors made across session or odour type (p > .05). 
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7.5 Discussion 
The effects of odours were different across different pain intensities. Weak pain stimuli 
across all three bread, linen, and clean air odour conditions were rated as less painful 
during the fasted session than the fed session, indicating that perceived pain was 
modulated by appetite regardless of the accompanying odour. Strong pain stimuli were 
also rated as less painful when participants were fasted, but only when the pain was 
presented in conjunction with the bread odour. This suggests that food odours may 
capture attention more than other pleasant but non-food odours, especially when the 
homeostatic energy balance is depleted, and this may be account for the interference 
with strong pain processing during fasting. This result extends the findings of Prescott 
and Wilkie (2007), that a sweet odour (caramel) can increase pain tolerance over and 
above a pleasant non-food odour. 
 These results fit into the larger picture of previously published research. Animal 
and human research on satiety and pain has produced mixed results. Some found an 
analgesic effect of fasting (Davidson et al. 1992; de los Santos-Arteaga et al. 2003; 
Figure 20  
Pain intensity 
ratings on 100 
point VAS 
categorised by 
satiety status, 
pain stimuli 
strength, and 
odour. Error 
bars represent 
the standard 
deviations. * = 
p < .05, Holm-
Bonferroni 
corrected. 
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McGivern et al. 1979; Michalsen 2010; Wright et al. 2015); while others showed a 
reduction in pain after feeding (Blass et al. 1987; Haouari et al. 1995; Zmarzty et al. 
1997). There are also papers showing increased pain following fasting (Khasar et al. 
2003; Pollatos et al. 2012). The most consistent analgesic effects appear to occur when 
there is a perceived or actual immediacy to food cues. Food odours exert a significant 
suppression on pain perception (Nakama-Kitamura 2014; Prescott and Wilkie 2007), as 
does expecting (Dum and Herz 1984), or working for food rewards (LaGraize et al. 
2004). The application of pain when eating is already in progress does little or nothing 
to interrupt ingestion or food gathering (Aloisi and Carli 1996; Foo et al. 2009; Foo and 
Mason 2005; 2009; Mason and Foo 2009). Our results suggest that when there is a 
deficit in the homeostatic energy balance in combination with strong pain (both highly 
salient motivational drives), the presentation of a food cue that signals its’ immediate 
availability significantly inhibits pain perception. 
 These findings point to a potential use for background food odours in 
environments where short-duration pain is likely to occur. Previous studies have 
established that pleasant odours presented ambiently in dental surgery waiting rooms 
can reduce patient anxiety (Kritsidima et al. 2010; Lehrner et al. 2000, 2005; 
Zabirunnisa et al. 2014) and cortisol secretion (Jafarzadeh et al. 2013), and some 
encouraging aromatherapy-related reductions in pain intensity have been recently 
reported (Ayan et al. 2013; Bagheri-Nesami et al. 2014; Kim et al. 2011). Possibly, food 
odours in such a situation could produce a reduction in pain perception superior to that 
produced by pleasant non-food odours. This remains to be ascertained. 
 
7.5.1 Limitations  
We set out to match the bread and linen odours for intensity, familiarity, and liking as 
closely as possible for each participant at the screening session, several days or weeks 
before they actually took part in the study. This was done in order to ensure that the 
only salient difference between the odours was their ‘edibility’ factor. While the ratings 
acquired at the start of each session show that the odours are not perfectly matched on 
any of these dimensions (Table 7), the differences between mean ratings are only in the 
order of 6-12%. It is therefore unlikely, but not impossible, that relatively minor 
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fluctuations in odour perception between sessions could account for the significant 
changes in pain intensity perception. 
  Secondly, pain ratings and odour ratings only remained consistent during the 
first block; after this the pain ratings began to drop and there was wide variation in 
odour ratings. Both are likely due to habituation, a common hazard in pain and olfaction 
research (Gottfried et al. 2002; Weiss et al. 1997). As a result, the number of trials 
suitable for use was considerably lower than we would have wanted. Our results require 
replication, and should be treated with caution. 
 
7.5.2 Conclusion 
The results of the current study demonstrate that both hunger and food odours suppress 
subjective pain perception. Short, painful medical procedures may be perceived as less 
painful if conducted in the presence of an ambient food odour. 
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Chapter 8 
 
General Discussion 
 
The overall aim of this thesis was to examine behavioural and neural effects of appetite 
on pain, in an attempt to shed more light on the encouraging but sometimes 
contradictory results from animal and human studies. It was anticipated that fasting or 
appetitive stimuli may be useful as benign adjuncts to the standard pharmacotherapy 
treatment of chronic pain. 
In Chapter One, the results of a comprehensive literature review were reported. 
They divulge only one sure finding – that manipulations of the homeostatic energy 
balance do indeed have an effect on pain. Whether that effect is inhibitory or 
potentiating is challenging to predict, due likely to the vast array of study designs 
encompassing the gamut of fasting times, pain type, and pain severity. Nevertheless, 
there are some commonalities which should be discussed. A number of the studies 
reported, whether the analgesia was produced by fasting or feeding, that the opioid 
antagonists naloxone and naltrexone blocked the analgesia. This strongly suggests that 
one avenue for fasting or feeding induced analgesia is the endogenous opioid system. 
Another potential mechanism is the vagal nerve, different afferents of which are 
activated during fasting or feeding. In support of this theory, artificially stimulating 
different vagal afferents produces either pro-nociceptive or analgesic results. 
 Additionally some of the known physical connections between nodes of the 
pain, hunger, taste, and olfaction pathways were presented, revealing a number of 
potential brain areas that could underlie a moderating effect of appetite / appetitive 
stimuli on pain. Areas that stood out as being of particular interest, due to their common 
involvement in two or more of the pathways, included thalamus, the relay station 
through which pain, hunger, and taste signals pass; hypothalamus, a hub of all four 
pathways and a crucial area for both eating and terminating feeding; anterior insula, a 
target of the pain, taste, and olfaction pathways; amygdala, a limbic area carrying 
afferent and efferent pain projections, and a region of the hunger and olfaction 
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pathways; and the ACC, another limbic region with a role to play in descending pain 
modulation, and a node of the hunger and olfaction pathways. Taken together with the 
results of the literature review, this provides a solid justification for the investigation of 
the effects of appetite / appetitive stimuli on pain. 
 
8.1 Summary of findings 
It was first necessary to check that an overnight fast of around 9 hours was sufficient to 
induce a significant drop in blood glucose, and to influence neural activity. This 
timeframe was chosen to cause minimum inconvenience to the participants, since they 
would be fasting while asleep anyway. The first two experimental chapters (Chapters 3 
and 4) used a simple paradigm, whereby participants attended two resting state fMRI 
scans. One took place after an overnight fast, the other after breakfast. Blood glucose 
measurements were acquired before each scan. It was hypothesised that blood glucose 
manipulations would induce alterations of functional connectivity in areas crucial to the 
homeostatic energy balance. We found that an overnight fast was indeed capable of 
producing a significant decrease in blood glucose levels, and alterations of resting state 
functional connectivity.  
In Chapter 3, we took left and right anterior, middle, and posterior insula seeds, 
and mapped changes in their functional connectivity during conditions of fasting and 
satiety. We found that during fasting, functional connectivity between the left posterior 
insula and cerebellum / superior frontal gyrus was stronger. During satiety, functional 
connectivity was stronger between the right middle insula and some default mode 
structures, the left and right posterior parietal cortex and PCC. The alterations in 
functional connectivity between the left posterior insula and superior frontal gyrus 
during fasting could be accounted for by differences in blood glucose levels between the 
scans. 
In Chapter 4 we took left and right hypothalamus as seeds and mapped changes 
in their functional connectivity under the same conditions. During fasting, functional 
connectivity between left hypothalamus and right inferior frontal gyrus was enhanced. 
During satiety, there was enhanced functional connectivity between right hypothalamus 
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and superior parietal cortex. Both connectivities appear to be related to cognitive control 
over eating. 
Having confirmed that an overnight fast was sufficient to provoke robust 
changes in neural activity, the next stage was to investigate how appetite could 
modulate pain perception. Using the same paradigm of an overnight fast versus a large 
breakfast, we also presented photographs of appetising food in an attempt to further 
enhance hunger-pain interactions. We recorded LEPs obtained under conditions of 
fasting and satiety, in the context of appetitive food photographs and inedible objects. 
Subjective pain ratings were initially reduced when participants were hungry compared 
to when fed, but this effect soon disappeared, probably due to habituation. Source 
dipole analysis of the LEPs revealed that activity in PHG was weaker during fasting, 
and activations of the operculo-insular cortex, ACC, PHG and cerebellum were smaller 
in the context of appetitive food photographs, regardless of appetite status. That pain 
was temporarily attenuated, and cortical processing of noxious stimuli in pain-related 
brain structures reduced when participants were fasted or passively viewing food 
photographs, lends support to a possible interaction between opposing motivational 
forces of the eating drive and pain. 
  In order to further explore the effect of hunger on pain we employed the same 
paradigm of an overnight fast and satiation, and modelled pain-provoked changes in 
functional connectivity of fMRI data. Using ROIs of areas commonly implicated in pain 
processing, we found some functional connectivity that was altered by changes in the 
homeostatic energy balance. During fasting, a saliency network consisting of the 
anterior insula, ACC, and PFC was more strongly functionally connected. The saliency 
of any stimuli appears to be enhanced when appetite is heightened, which may be 
beneficial when seeking food. During satiety, the precuneus and PCC (core areas of the 
DMN) were more strongly functionally connected, and this enhanced connectivity could 
be accounted for by differences in subjective hunger ratings between the sessions. We 
also found that some functional connectivity remained the same regardless of appetite; 
connectivity probably underlying ascending nociception, descending pain modulation, 
and integration of pain-induced affect with autobiographical memory, was unaffected 
by appetite status. These results lend more support to the theory that appetite can 
modulate neural substrates of pain. 
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 Thus far, while pain processing at the neural level appeared to be robustly 
modulated by changes in appetite, we could not find reliable long-lasting effects of 
appetite on subjective pain perception. In Chapter 7, we again employed a paradigm of 
overnight fasting and satiety. We replaced the photographs of appetising food and 
inedible objects with a bread odour and a linen odour, closely matched for liking, 
familiarity, and intensity. We also utilised weak and strong pain stimuli instead of the 
single-strength pain stimuli described in Chapters 5 and 6. When participants were 
fasted, weak pain stimuli were rated as less painful whichever odour was presented. 
Strong pain stimuli, a more salient threat to homeostasis, were also rated as less painful 
when participants were fasted, but only in the context of the bread odour. It seems likely 
that an appetising food odour is a more powerful capturer of attention than a pleasant, 
homeostatically-irrelevant odour, but again, this effect was not long-lasting. 
 
8.2 Potential practical applications 
The experimental methods used do not translate easily to chronic pain, due partly to the 
brief nature of the nociceptive stimuli, and the absence of psychological issues such as 
depression, which are frequently found to be comorbid with chronic pain (Finan and 
Smith 2013; Ohayon and Schatzberg 2009).  In addition participants habituated quickly 
to both the laser and the electrical pain stimuli, making ever-decreasing pain ratings 
after approximately 30 trials of each. It is therefore difficult to predict how appetite or 
appetitive stimuli would affect long-lasting subjective pain perception, since we could 
not model it in these studies. We can be more confident that food stimuli may be useful 
in the context of short, painful events. Ambient appetitive stimuli such as food odours 
may provide a valuable, inexpensive distraction from short medical procedures like 
vaccination shots and injection of local anaesthetic. They may be even more beneficial 
if patients must be fasted before undergoing a procedure, such as for fasting blood 
glucose or lipid profile testing. 
Our neuroimaging results show that homeostatic energy balance manipulations 
have somewhat longer lasting effects on neural pain processing. While subjective pain 
ratings indicated participant habituation after approximately 30 trials, EEG and fMRI 
recordings were usable from the start to the end of the sessions. As described in 
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Chapters 5 and 6, fasting appears to boost the saliency of any stimuli, food-related or 
otherwise. This may help to explain how intermittent fasting works as a treatment for 
chronic pain (a therapy that has been employed for many years in some countries), and 
why such therapy is reportedly accompanied by increased alertness (Michalsen 2010). 
Fasting for chronic pain may in fact be augmentable by appetitive stimuli; this remains 
to be demonstrated. 
 
8.3 Limitations 
The most obvious limitation common to Chapters 5, 6, and 7 is the issue with pain 
habituation and the resultant discarding of usable trials. Our results should therefore be 
treated with ample caution, since they are based on fewer trial numbers than would be 
ideal. 
 Another limitation is the lack of blood serum analysis. Blood glucose sampling 
was included initially in order to ensure that there was a genuine difference between the 
fed and fasted states. Comments from a reviewer of Chapter 3 pointed out that other 
compounds besides glucose are influenced by the homeostatic energy balance. On 
reflection, it would have been beneficial to test for differences in insulin and ghrelin 
concentrations between states. Both substances show peak changes in concentration at 
around the length of time after a meal that our participants were tested. There may be 
unaccounted-for additional hormonal factors influencing any or all of our results, since 
each experiment utilised the same paired fasted vs. satiated paradigm. 
 Finally, there is a problem common to most studies of this nature – the majority 
of our participants were undergraduate and postgraduate students. There is some 
evidence that this group is an unrepresentative sample for generalising results to the 
wider population (Henrich et al. 2010); as stated above, the usage of our results requires 
caution. 
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8.4 Suggestions for future research 
The most obvious conditions that remain to be investigated are variations in hunger and 
pain. We began to explore this in Chapter 7, using two levels of pain stimuli, and found 
that while an overnight fast was sufficient to significantly suppress weak pain, strong 
pain was only inhibited by the fast plus an appetitive food odour. It would be interesting 
to investigate the effects of a longer fast. Limited research has been carried out with 
animals and suggests that pain is still suppressed by a complete or intermittent 24 hour 
fast (Davidson et al. 1992; de los Santos-Arteaga et al. 2003), but (at least in females) 
potentiated by a 48 hour fast (Khasar et al. 2003). There is no equivalent research with 
human participants, and therefore no data available concerning differing pain levels or 
the effects of appetitive stimuli. 
 Another evident evolution of the current research would be to investigate the 
effects of fasting and appetitive stimuli on chronic pain. Our participants were healthy 
and relatively young; while fasting is used successfully as a treatment for chronic pain 
in other countries (e.g. Michalsen et al. 2002), there is currently no data available 
concerning the addition of appetitive stimuli to a fasting treatment protocol. This has the 
potential to be a useful adjunct to existing therapy. 
 Finally, there is the question of how connected areas of the pain network 
described in Chapter 6 exert influence on each other. This is a problem that could be 
solved with an analysis of effective rather than functional connectivity. Dynamic causal 
modelling was attempted with this data, but there were far too few trials to model 
effective connectivity. Further research with at least double the number of trials could 
help to elucidate pathways of descending nociceptive modulation; if there are such areas 
over the cortical surface, it may be possible to boost their activity with transcranial 
magnetic stimulation.  
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8.5 Concluding remarks 
Hunger and pain are powerful homeostatic drives, which compete for a behavioural 
response when experienced simultaneously. Pain and appetite are represented in a 
widely distributed network of brain areas including thalamus, insula, cingulate cortex, 
hippocampus / entorhinal cortex, amygdala, and PFC, and neural pain processing in 
some of these regions is reliably suppressed by a relatively short overnight fast and 
appetitive stimuli. In addition, pain-induced connectivity of parts of this network can be 
enhanced by fasting or satiety, while other connections process pain stimuli similarly 
regardless of appetite status. Functional connectivities enhanced by fasting include a 
small network of areas involved in stimulus saliency processing (anterior insula, 
anterior cingulate cortex, and prefrontal cortex), which may facilitate searching for 
food. Fasting appears to boost the saliency of any stimulus, food-related or otherwise, 
while satiety evokes DMN activity even in the presence of pain. While there are still 
many questions remaining over the effect of fasting and appetitive stimuli on strong or 
chronic pain, it seems likely that fasting and ambient appetitive stimuli provide effective 
interference with the neural processing of short-lasting moderate pain. 
 
 
 
 
 
 
 
 
 
 
 
125 
 
References 
Abraham HD, and Joseph AB. Bulimic vomiting alters pain tolerance and mood. Int J Psychiatry 
Med 16: 311-316, 1986. 
Adams CE, Greenway FL, and Brantley PJ. Lifestyle factors and ghrelin: critical review and 
implications for weight loss maintenance. Obes Rev 12: e211-218, 2011. 
Agroskin D, Klackl J, and Jonas E. The self-liking brain: a VBM study on the structural substrate 
of self-esteem. PLoS One 9: e86430, 2014. 
Akcam M. Oral fructose solution as an analgesic in the newborn: a randomized, placebo-
controlled and masked study. Pediatr Int 46: 459-462, 2004. 
Albanese MC, Duerden EG, Rainville P, and Duncan GH. Memory traces of pain in human 
cortex. J Neurosci 27: 4612-4620, 2007. 
Albrecht J, Schreder T, Kleemann AM, Schopf V, Kopietz R, Anzinger A, Demmel M, Linn J, 
Kettenmann B, and Wiesmann M. Olfactory detection thresholds and pleasantness of a food-
related and a non-food odour in hunger and satiety. Rhinology 47: 160-165, 2009. 
Almashaikhi T, Rheims S, Ostrowsky-Coste K, Montavont A, Jung J, De Bellescize J, 
Arzimanoglou A, Keo Kosal P, Guenot M, Bertrand O, and Ryvlin P. Intrainsular functional 
connectivity in human. Hum Brain Mapp 35: 2779-2788, 2014. 
Aloisi AM, and Carli G. Formalin pain does not modify food-hoarding behaviour in male rats. 
Behav Processes 36: 125-133, 1996. 
Aloisi AM, Ceccarelli I, Masi F, and Scaramuzzino A. Effects of the essential oil from citrus 
lemon in male and female rats exposed to a persistent painful stimulation. Behav Brain Res 
136: 127-135, 2002. 
Amaral DG, and Price JL. Amygdalo-cortical projections in the monkey (Macaca fascicularis). J 
Comp Neurol 230: 465-496, 1984. 
Aou S, Mizuno M, Matsunaga Y, Kubo K, Li XL, and Hatanaka A. Green odor reduces pain 
sensation and fatigue-like responses without affecting sensorimotor function. Chem Senses 30 
Suppl 1: i262-263, 2005. 
Apkarian AV, Bushnell MC, Treede RD, and Zubieta JK. Human brain mechanisms of pain 
perception and regulation in health and disease. Eur J Pain 9: 463-484, 2005. 
Asakawa A, Inui A, Kaga T, Yuzuriha H, Nagata T, Fujimiya M, Katsuura G, Makino S, Fujino 
MA, and Kasuga M. A role of ghrelin in neuroendocrine and behavioral responses to stress in 
mice. Neuroendocrinology 74: 143-147, 2001. 
Asl Aminabadi N, Erfanparast L, Sohrabi A, Ghertasi Oskouei S, and Naghili A. The Impact of 
Virtual Reality Distraction on Pain and Anxiety during Dental Treatment in 4-6 Year-Old 
Children: a Randomized Controlled Clinical Trial. J Dent Res Dent Clin Dent Prospects 6: 117-
124, 2012. 
Attele AS, Shi ZQ, and Yuan CS. Leptin, gut, and food intake. Biochem Pharmacol 63: 1579-
1583, 2002. 
Attwell D, and Iadecola C. The neural basis of functional brain imaging signals. Trends Neurosci 
25: 621-625, 2002. 
Augustine JR. Circuitry and functional aspects of the insular lobe in primates including humans. 
Brain Res Rev 22: 229-244, 1996. 
Ayan M, Tas U, Sogut E, Suren M, Gurbuzler L, and Koyuncu F. Investigating the effect of 
aromatherapy in patients with renal colic. J Altern Complement Med 19: 329-333, 2013. 
Azevedo E, Manzano GM, Silva A, Martins R, Andersen ML, and Tufik S. The effects of total 
and REM sleep deprivation on laser-evoked potential threshold and pain perception. Pain 152: 
2052-2058, 2011. 
126 
 
Bagheri-Nesami M, Espahbodi F, Nikkhah A, Shorofi SA, and Charati JY. The effects of 
lavender aromatherapy on pain following needle insertion into a fistula in hemodialysis 
patients. Complement Ther Clin Pract 20: 1-4, 2014. 
Barbas H, Saha S, Rempel-Clower N, and Ghashghaei T. Serial pathways from primate 
prefrontal cortex to autonomic areas may influence emotional expression. BMC Neurosci 4: 25, 
2003. 
Baron R, Baron Y, Disbrow E, and Roberts TP. Brain processing of capsaicin-induced secondary 
hyperalgesia: a functional MRI study. Neurology 53: 548-557, 1999. 
Bartolo M, Serrao M, Gamgebeli Z, Alpaidze M, Perrotta A, Padua L, Pierelli F, Nappi G, and 
Sandrini G. Modulation of the human nociceptive flexion reflex by pleasant and unpleasant 
odors. Pain 154: 2054-2059, 2013. 
Bartsch T, Falk D, Knudsen K, Reese R, Raethjen J, Mehdorn HM, Volkmann J, and Deuschl G. 
Deep brain stimulation of the posterior hypothalamic area in intractable short-lasting 
unilateral neuralgiform headache with conjunctival injection and tearing (SUNCT). Cephalalgia 
31: 1405-1408, 2011. 
Bastian B, Jetten J, and Hornsey MJ. Gustatory pleasure and pain. The offset of acute physical 
pain enhances responsiveness to taste. Appetite 72: 150-155, 2014. 
Bastuji H, Frot M, Mazza S, Perchet C, Magnin M, and Garcia-Larrea L. Thalamic Responses to 
Nociceptive-Specific Input in Humans: Functional Dichotomies and Thalamo-Cortical 
Connectivity. Cereb Cortex: E-pub ahead of print, 2015. 
Batterham RL, Le Roux CW, Cohen MA, Park AJ, Ellis SM, Patterson M, Frost GS, Ghatei MA, 
and Bloom SR. Pancreatic polypeptide reduces appetite and food intake in humans. J Clin 
Endocrinol Metab 88: 3989-3992, 2003. 
Batterink L, Yokum S, and Stice E. Body mass correlates inversely with inhibitory control in 
response to food among adolescent girls: an fMRI study. Neuroimage 52: 1696-1703, 2010. 
Baumgartner U, Vogel H, Ohara S, Treede RD, and Lenz F. Dipole source analyses of laser 
evoked potentials obtained from subdural grid recordings from primary somatic sensory 
cortex. J Neurophysiol 106: 722-730, 2011. 
Baylis LL, Rolls ET, and Baylis GC. Afferent connections of the caudolateral orbitofrontal cortex 
taste area of the primate. Neuroscience 64: 801-812, 1995. 
Becker S, Gandhi W, Elfassy NM, and Schweinhardt P. The role of dopamine in the perceptual 
modulation of nociceptive stimuli by monetary wins or losses. Eur J Neurosci 38: 3080-3088, 
2013. 
Behbehani MM, and Fields HL. Evidence that an excitatory connection between the 
periaqueductal gray and nucleus raphe magnus mediates stimulation produced analgesia. 
Brain Res 170: 85-93, 1979. 
Bellisle F, Drewnowski A, Anderson GH, Westerterp-Plantenga M, and Martin CK. Sweetness, 
Satiation, and Satiety. J Nutr 142: 1149S-1154S, 2012. 
Bender R, and Lange S. Adjusting for multiple testing—when and how? J Clin Epidemiol 54: 
343-349, 2001. 
Berg P, and Scherg M. A multiple source approach to the correction of eye artifacts. 
Electroencephalogr Clin Neurophysiol 90: 229-241, 1994. 
Bernard JF, and Besson JM. The spino(trigemino)pontoamygdaloid pathway: 
electrophysiological evidence for an involvement in pain processes. J Neurophysiol 63: 473-
490, 1990. 
Bernard JF, Huang GF, and Besson JM. Nucleus centralis of the amygdala and the globus 
pallidus ventralis: electrophysiological evidence for an involvement in pain processes. J 
Neurophysiol 68: 551-569, 1992. 
Berthoud H-R. Metabolic and hedonic drives in the neural control of appetite: Who’s the boss? 
Curr Opin Neurobiol 21: 888-896, 2011. 
127 
 
Berthoud HR. The neurobiology of food intake in an obesogenic environment. Proc Nutr Soc 
71: 478-487, 2012. 
Beydoun A, Morrow TJ, Shen JF, and Casey KL. Variability of laser-evoked potentials: 
attention, arousal and lateralized differences. Electroencephalogr Clin Neurophysiol 88: 173-
181, 1993. 
Bibbins-Domingo K, Coxson P, Pletcher MJ, Lightwood J, and Goldman L. Adolescent 
overweight and future adult coronary heart disease. N Engl J Med 357: 2371-2379, 2007. 
Blass E, Fitzgerald E, and Kehoe P. Interactions between sucrose, pain and isolation distress. 
Pharmacol Biochem Behav 26: 483-489, 1987. 
Blass EM, and Fitzgerald E. Milk-induced analgesia and comforting in 10-day-old rats: opioid 
mediation. Pharmacol Biochem Behav 29: 9-13, 1988. 
Blass EM, and Hoffmeyer LB. Sucrose as an analgesic for newborn infants. Pediatrics 87: 215-
218, 1991. 
Blass EM, Jackson AM, and Smotherman WP. Milk-induced, opioid-mediated antinociception 
in rats at the time of cesarean delivery. Behav Neurosci 105: 677-686, 1991. 
Blass EM, and Shah A. Pain-reducing properties of sucrose in human newborns. Chem Senses 
20: 29-35, 1995. 
Blass EM, and Shide DJ. Some comparisons among the calming and pain-relieving effects of 
sucrose, glucose, fructose and lactose in infant rats. Chem Senses 19: 239-249, 1994. 
Blink EJ. MRI: Physics. http://wwwmri-physicsnet/bin/mri-physics-en-rev13pdf 2010. 
Blouet C, and Schwartz GJ. Hypothalamic nutrient sensing in the control of energy 
homeostasis. Behav Brain Res 209: 1-12, 2010. 
Blundell JE, de Graaf K, Finlayson G, Halford JC, Hetherington HP, King N, and Stubbs J. 
Measuring Food Intake, Hunger, Satiety, and Satiation in the Laboratory. In: Handbook of 
Assessment Measures for Weight-Related Problems Measures, Theory, and Research 2nd 
edition, edited by Allison DB, and Baskin ML. CA, USA: Sage Publications, 2009, p. 283-325. 
Boccard SG, Fitzgerald JJ, Pereira EA, Moir L, Van Hartevelt TJ, Kringelbach ML, Green AL, and 
Aziz TZ. Targeting the affective component of chronic pain: a case series of deep brain 
stimulation of the anterior cingulate cortex. Neurosurgery 74: 628-635, 2014. 
Bodnar RJ. Endogenous opioids and feeding behavior: a 30-year historical perspective. 
Peptides 25: 697-725, 2004. 
Boesveldt S, Frasnelli J, Gordon AR, and Lundstrom JN. The fish is bad: Negative food odors 
elicit faster and more accurate reactions than other odors. Biol Psychol 84: 313-317, 2010. 
Boesveldt S, and Lundstrom JN. Detecting fat content of food from a distance: olfactory-based 
fat discrimination in humans. PLoS One 9: e85977, 2014. 
Bohon C, and Stice E. Reward abnormalities among women with full and subthreshold bulimia 
nervosa: a functional magnetic resonance imaging study. Int J Eat Disord 44: 585-595, 2011. 
Boivie J, and Meyerson BA. A correlative anatomical and clinical study of pain suppression by 
deep brain stimulation. Pain 13: 113-126, 1982. 
Bonthius DJ, Solodkin A, and Van Hoesen GW. Pathology of the insular cortex in Alzheimer 
disease depends on cortical architecture. J Neuropathol Exp Neurol 64: 910-922, 2005. 
Bornhovd K, Quante M, Glauche V, Bromm B, Weiller C, and Buchel C. Painful stimuli evoke 
different stimulus-response functions in the amygdala, prefrontal, insula and somatosensory 
cortex: a single-trial fMRI study. Brain 125: 1326-1336, 2002. 
Borsook D, Moulton EA, Tully S, Schmahmann JD, and Becerra L. Human cerebellar responses 
to brush and heat stimuli in healthy and neuropathic pain subjects. Cerebellum 7: 252-272, 
2008. 
Bosley BN, Weiner DK, Rudy TE, and Granieri E. Is chronic nonmalignant pain associated with 
decreased appetite in older adults? Preliminary evidence. J Am Geriatr Soc 52: 247-251, 2004. 
128 
 
Boyle GJ. A cross-validation of the factor structure of the profile of mood states: were the 
factors correctly identified in the first instance? Psychol Rep 60: 343-354, 1987. 
Boyle Y, El-Deredy W, Martinez Montes E, Bentley DE, and Jones AK. Selective modulation of 
nociceptive processing due to noise distraction. Pain 138: 630-640, 2008. 
Bradley MM, Codispoti M, Cuthbert BN, and Lang PJ. Emotion and motivation I: defensive and 
appetitive reactions in picture processing. Emotion 1: 276-298, 2001. 
Bragulat V, Dzemidzic M, Bruno C, Cox CA, Talavage T, Considine RV, and Kareken DA. Food-
related odor probes of brain reward circuits during hunger: a pilot FMRI study. Obesity (Silver 
Spring) 18: 1566-1571, 2010. 
Brannan S, Liotti M, Egan G, Shade R, Madden L, Robillard R, Abplanalp B, Stofer K, Denton 
D, and Fox PT. Neuroimaging of cerebral activations and deactivations associated with 
hypercapnia and hunger for air. Proc Natl Acad Sci U S A 98: 2029-2034, 2001. 
Breivik H, Collett B, Ventafridda V, Cohen R, and Gallacher D. Survey of chronic pain in 
Europe: Prevalence, impact on daily life, and treatment. Eur J Pain 10: 287-287, 2006. 
Brett M. tal2mni. http://imagingmrc-cbucamacuk/imaging/MniTalairach 2001. 
Brett M, Anton J-L, Valabregue R, and Poline J-P. Region of interest analysis using an SPM 
toolbox [abstract]. 8th International Conference on Functional Mapping of the Human Brain, 
2002. 
Britton JC, Phan KL, Taylor SF, Welsh RC, Berridge KC, and Liberzon I. Neural correlates of 
social and nonsocial emotions: An fMRI study. Neuroimage 31: 397-409, 2006. 
Broggi G, Franzini A, Leone M, and Bussone G. Update on neurosurgical treatment of chronic 
trigeminal autonomic cephalalgias and atypical facial pain with deep brain stimulation of 
posterior hypothalamus: results and comments. Neurol Sci 28 Suppl 2: S138-145, 2007. 
Brooks J, and Tracey I. From nociception to pain perception: imaging the spinal and 
supraspinal pathways. J Anat 207: 19-33, 2005. 
Brooks JC, Nurmikko TJ, Bimson WE, Singh KD, and Roberts N. fMRI of thermal pain: effects of 
stimulus laterality and attention. Neuroimage 15: 293-301, 2002. 
Brooks SJ, Benedict C, Burgos J, Kempton MJ, Kullberg J, Nordenskjold R, Kilander L, 
Nylander R, Larsson EM, Johansson L, Ahlstrom H, Lind L, and Schioth HB. Late-life obesity is 
associated with smaller global and regional gray matter volumes: a voxel-based morphometric 
study. Int J Obes (Lond) 37: 230-236, 2013. 
Brown AJ. Low-carb diets, fasting and euphoria: Is there a link between ketosis and gamma-
hydroxybutyrate (GHB)? Med Hypotheses 68: 268-271, 2007. 
Browning KN, and Travagli RA. Plasticity of vagal brainstem circuits in the control of gastric 
function. Neurogastroenterol Motil 22: 1154-1163, 2010. 
Bucher HU, Moser T, von Siebenthal K, Keel M, Wolf M, and Duc G. Sucrose reduces pain 
reaction to heel lancing in preterm infants: a placebo-controlled, randomized and masked 
study. Pediatr Res 38: 332-335, 1995. 
Buckner RL, and Carroll DC. Self-projection and the brain. Trends Cog Sci 11: 49-57, 2007. 
Burdakov D, Gerasimenko O, and Verkhratsky A. Physiological Changes in Glucose 
Differentially Modulate the Excitability of Hypothalamic Melanin-Concentrating Hormone and 
Orexin Neurons In Situ. J Neurosci 25: 2429-2433, 2005. 
Burger KS, and Stice E. Relation of dietary restraint scores to activation of reward-related brain 
regions in response to food intake, anticipated intake, and food pictures. Neuroimage 55: 233-
239, 2011. 
Burgess SE, Gardell LR, Ossipov MH, Malan TP, Jr., Vanderah TW, Lai J, and Porreca F. Time-
dependent descending facilitation from the rostral ventromedial medulla maintains, but does 
not initiate, neuropathic pain. J Neurosci 22: 5129-5136, 2002. 
129 
 
Burguera B, Couce ME, Long J, Lamsam J, Laakso K, Jensen MD, Parisi JE, and Lloyd RV. The 
long form of the leptin receptor (OB-Rb) is widely expressed in the human brain. 
Neuroendocrinology 71: 187-195, 2000. 
Burton MJ, Rolls ET, and Mora F. Effects of hunger on the responses of neurons in the lateral 
hypothalamus to the sight and taste of food. Exp Neurol 51: 668-677, 1976. 
Bushnell MC, and Duncan GH. Sensory and affective aspects of pain perception: is medial 
thalamus restricted to emotional issues? Exp Brain Res 78: 415-418, 1989. 
Bushnell MC, Duncan GH, Hofbauer RK, Ha B, Chen JI, and Carrier B. Pain perception: is there 
a role for primary somatosensory cortex? Proc Natl Acad Sci U S A 96: 7705-7709, 1999. 
Bushong SC, and Clarke G. Magnetic Resonance Imaging: Physical and Biological Principles. 
USA: Elsevier Health Sciences, 2015. 
Calhoun VD, and Adali T. Unmixing fMRI with independent component analysis. IEEE Eng Med 
Biol Mag 25: 79-90, 2006. 
Calhoun VD, Liu J, and Adali T. A review of group ICA for fMRI data and ICA for joint inference 
of imaging, genetic, and ERP data. Neuroimage 45: S163-172, 2009. 
Carbajal R, Lenclen R, Gajdos V, Jugie M, and Paupe A. Crossover trial of analgesic efficacy of 
glucose and pacifier in very preterm neonates during subcutaneous injections. Pediatrics 110: 
389-393, 2002. 
Carey M, Kehlenbrink S, and Hawkins M. Evidence for central regulation of glucose 
metabolism. J Biol Chem 288: 34981-34988, 2013. 
Carlson JJ, Turpin AA, Wiebke G, Hunt SC, and Adams TD. Pre- and post- prandial appetite 
hormone levels in normal weight and severely obese women. Nutr Metab (Lond) 6: 32, 2009. 
Carmon A, Mor J, and Goldberg J. Evoked cerebral responses to noxious thermal stimuli in 
humans. Exp Brain Res 25: 103-107, 1976. 
Carrasquillo Y, and Gereau RWt. Activation of the extracellular signal-regulated kinase in the 
amygdala modulates pain perception. J Neurosci 27: 1543-1551, 2007. 
Carrive P, and Morgan MM. Periaqueductal Gray. In: The Human Nervous System, edited by 
Paxinos G, and Mai JK. London: Elsevier, 2003, p. 393-423. 
Carroll JF, Kaiser KA, Franks SF, Deere C, and Caffrey JL. Influence of BMI and gender on 
postprandial hormone responses. Obesity (Silver Spring) 15: 2974-2983, 2007. 
Casey KL, and Morrow TJ. Nocifensive responses to cutaneous thermal stimuli in the cat: 
stimulus-response profiles, latencies, and afferent activity. J Neurophysiol 50: 1497-1515, 
1983. 
Cauda F, Costa T, Torta DME, Sacco K, D'Agata F, Duca S, Geminiani G, Fox PT, and Vercelli A. 
Meta-analytic clustering of the insular cortex: Characterizing the meta-analytic connectivity of 
the insula when involved in active tasks. Neuroimage 62: 343-355, 2012. 
Cauda F, D'Agata F, Sacco K, Duca S, Geminiani G, and Vercelli A. Functional connectivity of 
the insula in the resting brain. Neuroimage 55: 8-23, 2011. 
Ceccarelli I, Masi F, Fiorenzani P, and Aloisi AM. Sex differences in the citrus lemon essential 
oil-induced increase of hippocampal acetylcholine release in rats exposed to a persistent 
painful stimulation. Neurosci Lett 330: 25-28, 2002. 
Cerne D, Sannino L, and Petean M. A randomised controlled trial examining the effectiveness 
of cartoons as a distraction technique. Nurs Child Young People 27: 28-33, 2015. 
Cerqueira CT, Almeida JR, Gorenstein C, Gentil V, Leite CC, Sato JR, Amaro E, Jr., and Busatto 
GF. Engagement of multifocal neural circuits during recall of autobiographical happy events. 
Braz J Med Biol Res 41: 1076-1085, 2008. 
Chang LJ, Yarkoni T, Khaw MW, and Sanfey AG. Decoding the role of the insula in human 
cognition: functional parcellation and large-scale reverse inference. Cereb Cortex 23: 739-749, 
2013. 
130 
 
Chaput JP, Klingenberg L, Astrup A, and Sjodin AM. Modern sedentary activities promote 
overconsumption of food in our current obesogenic environment. Obes Rev 12: e12-20, 2011. 
Chaput M, and Holley A. Olfactory bulb responsiveness to food odour during stomach 
distension in the rat. Chem Senses 2: 189-201, 1976. 
Chase MH, Nakamura Y, and Torii S. Afferent vagal modulation of brain stem somatic reflex 
activity. Exp Neurol 27: 534-544, 1970. 
Chaudhri OB, Field BC, and Bloom SR. Gastrointestinal satiety signals. Int J Obes (Lond) 32 
Suppl 7: S28-31, 2008. 
Chen LM, Friedman RM, and Roe AW. Area-specific representation of mechanical nociceptive 
stimuli within SI cortex of squirrel monkeys. Pain 141: 258-268, 2009. 
Chen SL, Wu XY, Cao ZJ, Fan J, Wang M, Owyang C, and Li Y. Subdiaphragmatic vagal afferent 
nerves modulate visceral pain. Am J Physiol Gastrointest Liver Physiol 294: G1441-1449, 2008. 
Cheng Y, Meltzoff AN, and Decety J. Motivation modulates the activity of the human mirror-
neuron system. Cereb Cortex 17: 1979-1986, 2007. 
Cho YT, Ernst M, and Fudge JL. Cortico-amygdala-striatal circuits are organized as hierarchical 
subsystems through the primate amygdala. J Neurosci 33: 14017-14030, 2013. 
Chua P, Krams M, Toni I, Passingham R, and Dolan R. A functional anatomy of anticipatory 
anxiety. Neuroimage 9: 563-571, 1999. 
Chudler EH, and Dong WK. Neuroma pain model: correlation of motor behavior and body 
weight with autotomy in rats. Pain 17: 341-351, 1983. 
Chung JM, Lee KH, Surmeier DJ, Sorkin LS, Kim J, and Willis WD. Response characteristics of 
neurons in the ventral posterior lateral nucleus of the monkey thalamus. J Neurophysiol 56: 
370-390, 1986. 
Cloutman LL, Binney RJ, Drakesmith M, Parker GJM, and Lambon Ralph MA. The variation of 
function across the human insula mirrors its patterns of structural connectivity: Evidence from 
in vivo probabilistic tractography. Neuroimage 59: 3514-3521, 2012. 
Coghill RC, Sang CN, Maisog JM, and Iadarola MJ. Pain intensity processing within the human 
brain: a bilateral, distributed mechanism. J Neurophysiol 82: 1934-1943, 1999. 
Colavito V, Tesoriero C, Wirtu AT, Grassi-Zucconi G, and Bentivoglio M. Limbic thalamus and 
state-dependent behavior: The paraventricular nucleus of the thalamic midline as a node in 
circadian timing and sleep/wake-regulatory networks. Neurosci Biobehav Rev 2014. 
Coll AP, and Yeo GSH. The hypothalamus and metabolism: integrating signals to control 
energy and glucose homeostasis. Curr Opin Pharmacol 13: 970-976, 2013. 
Corbetta M, Kincade JM, Ollinger JM, McAvoy MP, and Shulman GL. Voluntary orienting is 
dissociated from target detection in human posterior parietal cortex. Nat Neurosci 3: 292-297, 
2000. 
Cordes D, Turski PA, and Sorenson JA. Compensation of susceptibility-induced signal loss in 
echo-planar imaging for functional applications. Magn Reson Imaging 18: 1055-1068, 2000. 
Corkin S, and Hebben N. Subjective estimates of chronic pain before and after psychosurgery 
or treatment in a pain unit. In: 3rd World Congress on Pain. Edinburgh, UK: 1981. 
Couce ME, Burguera B, Parisi JE, Jensen MD, and Lloyd RV. Localization of leptin receptor in 
the human brain. Neuroendocrinology 66: 145-150, 1997. 
Craig AD. Cooling, pain, and other feelings from the body in relation to the autonomic nervous 
system. Handb Clin Neurol 117: 103-109, 2013. 
Craig AD. How do you feel? Interoception: the sense of the physiological condition of the body. 
Nat Rev Neurosci 3: 655-666, 2002. 
Craig AD. Interoception: the sense of the physiological condition of the body. Curr Opin 
Neurobiol 13: 500-505, 2003a. 
Craig AD. A new view of pain as a homeostatic emotion. Trends Neurosci 26: 303-307, 2003b. 
131 
 
Craig AD. Pain mechanisms: labeled lines versus convergence in central processing. Annu Rev 
Neurosci 26: 1-30, 2003c. 
Craig AD. Supraspinal projections of lamina I neurons. In: Forebrain areas involved in pain 
processing, edited by Besson JM, Gilbaud G, and Ollat H. Paris: Libbey, 1995. 
Craig AD, Bushnell MC, Zhang ET, and Blomqvist A. A thalamic nucleus specific for pain and 
temperature sensation. Nature 372: 770-773, 1994. 
Critchley HD, and Rolls ET. Hunger and satiety modify the responses of olfactory and visual 
neurons in the primate orbitofrontal cortex. J Neurophysiol 75: 1673-1686, 1996. 
Critchley HD, Wiens S, Rotshtein P, Ohman A, and Dolan RJ. Neural systems supporting 
interoceptive awareness. Nat Neurosci 7: 189-195, 2004. 
Cummings DE, Frayo RS, Marmonier C, Aubert R, and Chapelot D. Plasma ghrelin levels and 
hunger scores in humans initiating meals voluntarily without time- and food-related cues. Am J 
Physiol Endocrinol Metab 287: E297-304, 2004. 
Currie S, Hoggart N, Carver IJ, Hadjivassiliou M, and Wilkinson ID. Understanding MRI: Basic 
MR Physics for Physicians. Postgrad Med J 89: 209-223, 2013. 
Dafny N, Dong WQ, Prieto-Gomez C, Reyes-Vazquez C, Stanford J, and Qiao JT. Lateral 
hypothalamus: site involved in pain modulation. Neuroscience 70: 449-460, 1996. 
Date Y, Murakami N, Toshinai K, Matsukura S, Niijima A, Matsuo H, Kangawa K, and 
Nakazato M. The role of the gastric afferent vagal nerve in ghrelin-induced feeding and growth 
hormone secretion in rats. Gastroenterology 123: 1120-1128, 2002. 
Davidson TL, McKenzie BR, Tujo CJ, and Bish CK. Development of tolerance to endogenous 
opiates activated by 24-h food deprivation. Appetite 19: 1-13, 1992. 
de Araujo IE, Kringelbach ML, Rolls ET, and McGlone F. Human cortical responses to water in 
the mouth, and the effects of thirst. J Neurophysiol 90: 1865-1876, 2003b. 
de Araujo IE, Rolls ET, Kringelbach ML, McGlone F, and Phillips N. Taste-olfactory 
convergence, and the representation of the pleasantness of flavour, in the human brain. Eur J 
Neurosci 18: 2059-2068, 2003a. 
de Lauzon B, Romon M, Deschamps V, Lafay L, Borys JM, Karlsson J, Ducimetiere P, Charles 
MA, and Fleurbaix Laventie Ville Sante Study G. The Three-Factor Eating Questionnaire-R18 is 
able to distinguish among different eating patterns in a general population. J Nutr 134: 2372-
2380, 2004. 
de los Santos-Arteaga M, Sierra-Dominguez SA, Fontanella GH, Delgado-Garcia JM, and 
Carrion AM. Analgesia induced by dietary restriction is mediated by the kappa-opioid system. J 
Neurosci 23: 11120-11126, 2003. 
de Tommaso M, Calabrese R, Vecchio E, De Vito Francesco V, Lancioni G, and Livrea P. Effects 
of affective pictures on pain sensitivity and cortical responses induced by laser stimuli in 
healthy subjects and migraine patients. Int J Psychophysiol 74: 139-148, 2009. 
de Tommaso M, Lo sito L, Di fruscolo O, Sardaro M, Pia Prudenzano M, Lamberti P, and 
Livrea P. Lack of habituation of nociceptive evoked responses and pain sensitivity during 
migraine attack. Clin Neurophysiol 116: 1254-1264, 2005. 
de Tommaso M, Sardaro M, and Livrea P. Aesthetic value of paintings affects pain thresholds. 
Conscious Cogn 17: 1152-1162, 2008. 
Deborah LD, Scott AH, Warren GH, and David CR. Activation in Mesolimbic and Visuospatial 
Neural Circuits Elicited by Smoking Cues: Evidence From Functional Magnetic Resonance 
Imaging. Am J Psychiatry 159: 954-960, 2002. 
Deen B, Pitskel NB, and Pelphrey KA. Three systems of insular functional connectivity 
identified with cluster analysis. Cereb Cortex 21: 1498-1506, 2011. 
Deichmann R, Gottfried JA, Hutton C, and Turner R. Optimized EPI for fMRI studies of the 
orbitofrontal cortex. Neuroimage 19: 430-441, 2003. 
132 
 
Del Parigi A, Gautier J-F, Chen K, Salbe AD, Ravussin E, Reiman E, and Tataranni PA. 
Neuroimaging and Obesity. Ann N Y Acad Sci 967: 389-397, 2002. 
DelParigi A, Chen K, Salbe AD, Hill JO, Wing RR, Reiman EM, and Tataranni PA. Successful 
dieters have increased neural activity in cortical areas involved in the control of behavior. Int J 
Obes (Lond) 31: 440-448, 2007. 
Demers G, Bourgault P, Goffaux P, and Marchand S. Folk medicine/herbal remedies: Effect of 
odors on pain perception and electrophysiology. J Pain 5: S52, 2004. 
Derbyshire SW, Jones AK, Gyulai F, Clark S, Townsend D, and Firestone LL. Pain processing 
during three levels of noxious stimulation produces differential patterns of central activity. 
Pain 73: 431-445, 1997. 
Diesel DA, Tucker A, and Robertshaw D. Cold-induced changes in breathing pattern as a 
strategy to reduce respiratory heat loss. J Appl Physiol 69: 1946-1952, 1990. 
Domsch S, Linke J, Heiler PM, Kroll A, Flor H, Wessa M, and Schad LR. Increased BOLD 
sensitivity in the orbitofrontal cortex using slice-dependent echo times at 3 T. Magn Reson 
Imaging 31: 201-211, 2013. 
Dong WK, Salonen LD, Kawakami Y, Shiwaku T, Kaukoranta EM, and Martin RF. Nociceptive 
responses of trigeminal neurons in SII-7b cortex of awake monkeys. Brain Res 484: 314-324, 
1989. 
Dostrovsky JO, and Craig AD. Nociceptive neurons in primate insular cortex. SfN Abs 22: 111, 
1996. 
Drewnowski A, Krahn DD, Demitrack MA, Nairn K, and Gosnell BA. Naloxone, an opiate 
blocker, reduces the consumption of sweet high-fat foods in obese and lean female binge 
eaters. Am J Clin Nutr 61: 1206-1212, 1995. 
Drummond PD. Relationships among migrainous, vascular and orthostatic symptoms. 
Cephalalgia 2: 157-162, 1982. 
Du YP, Dalwani M, Wylie K, Claus E, and Tregellas JR. Reducing susceptibility artifacts in fMRI 
using volume-selective z-shim compensation. Magn Reson Med 57: 396-404, 2007. 
Dube AA, Duquette M, Roy M, Lepore F, Duncan G, and Rainville P. Brain activity associated 
with the electrodermal reactivity to acute heat pain. Neuroimage 45: 169-180, 2009. 
Duclaux R, Feisthauer J, and Cabanac M. [Effects of a meal on the pleasantness of food and 
nonfood odors in man]. Physiol Behav 10: 1029-1033, 1973. 
Dum J, Gramsch C, and Herz A. Activation of hypothalamic beta-endorphin pools by reward 
induced by highly palatable food. Pharmacol Biochem Behav 18: 443-447, 1983. 
Dum J, and Herz A. Endorphinergic modulation of neural reward systems indicated by 
behavioral changes. Pharmacol Biochem Behav 21: 259-266, 1984. 
Dum RP, Levinthal DJ, and Strick PL. The spinothalamic system targets motor and sensory 
areas in the cerebral cortex of monkeys. J Neurosci 29: 14223-14235, 2009. 
Duyn JH. EEG-fMRI Methods for the Study of Brain Networks during Sleep. Front Neurol 3: 100, 
2012. 
Egan G, Silk T, Zamarripa F, Williams J, Federico P, Cunnington R, Carabott L, Blair-West J, 
Shade R, McKinley M, Farrell M, Lancaster J, Jackson G, Fox P, and Denton D. Neural 
correlates of the emergence of consciousness of thirst. Proc Natl Acad Sci U S A 100: 15241-
15246, 2003. 
Egan GF, Johnson J, Farrell M, McAllen R, Zamarripa F, McKinley MJ, Lancaster J, Denton D, 
and Fox PT. Cortical, thalamic, and hypothalamic responses to cooling and warming the skin in 
awake humans: A positron-emission tomography study. Proc Natl Acad Sci U S A 102: 5262-
5267, 2005. 
Eggleston K, White TL, and Sheehe PR. Adding Cocoa to Sucrose: The Effect on Cold Pain 
Tolerance. Chem Senses 35: 269-277, 2010. 
133 
 
Eickhoff S, and Muller VI. Functional Connectivity. In: Brain Mapping: An Encyclopedic 
ReferenceAcademic Press Inc., 2015. 
Einstein A. Morals and Emotions. In: Out of My Later Years. New York: Philosophical Library, 
1950. 
Elsenbruch S, Kotsis V, Benson S, Rosenberger C, Reidick D, Schedlowski M, Bingel U, 
Theysohn N, Forsting M, and Gizewski ER. Neural mechanisms mediating the effects of 
expectation in visceral placebo analgesia: an fMRI study in healthy placebo responders and 
nonresponders. Pain 153: 382-390, 2012. 
Fairhurst M, Wiech K, Dunckley P, and Tracey I. Anticipatory brainstem activity predicts neural 
processing of pain in humans. Pain 128: 101-110, 2007. 
Faiz O, and Moffat D. Anatomy at a Glance. Oxford: Blackwell Science Ltd., 2002. 
Fantino M, Hosotte J, and Apfelbaum M. An opioid antagonist, naltrexone, reduces 
preference for sucrose in humans. Am J Physiol 251: R91-96, 1986. 
Faris PL, Eckert ED, Kim SW, Meller WH, Pardo JV, Goodale RL, and Hartman BK. Evidence for 
a vagal pathophysiology for bulimia nervosa and the accompanying depressive symptoms. J 
Affect Disord 92: 79-90, 2006. 
Farr OM, Fiorenza C, Papageorgiou P, Brinkoetter M, Ziemke F, Koo BB, Rojas R, and 
Mantzoros CS. Leptin therapy alters appetite and neural responses to food stimuli in brain 
areas of leptin-sensitive subjects without altering brain structure. J Clin Endocrinol Metab 99: 
E2529-2538, 2014. 
Farrell MJ, Bowala TK, Gavrilescu M, Phillips PA, McKinley MJ, McAllen RM, Denton DA, and 
Egan GF. Cortical activation and lamina terminalis functional connectivity during thirst and 
drinking in humans. Am J Physiol 301: R623-R631, 2011. 
Farrell MJ, Egan GF, Zamarripa F, Shade R, Blair-West J, Fox P, and Denton DA. Unique, 
common, and interacting cortical correlates of thirst and pain. Proc Natl Acad Sci U S A 103: 
2416-2421, 2006. 
Fastenrath M, Coynel D, Spalek K, Milnik A, Gschwind L, Roozendaal B, Papassotiropoulos A, 
and de Quervain DJ. Dynamic modulation of amygdala-hippocampal connectivity by emotional 
arousal. J Neurosci 34: 13935-13947, 2014. 
Favilla S, Huber A, Pagnoni G, Lui F, Facchin P, Cocchi M, Baraldi P, and Porro CA. Ranking 
brain areas encoding the perceived level of pain from fMRI data. Neuroimage 90: 153-162, 
2014. 
Fechir M, Schlereth T, Kritzmann S, Balon S, Pfeifer N, Geber C, Breimhorst M, Eberle T, 
Gamer M, and Birklein F. Stress and thermoregulation: different sympathetic responses and 
different effects on experimental pain. Eur J Pain 13: 935-941, 2009. 
Feng T, Feng P, and Chen Z. Altered resting-state brain activity at functional MRI during 
automatic memory consolidation of fear conditioning. Brain Res 1523: 59-67, 2013. 
Ferrini F, Salio C, Lossi L, and Merighi A. Ghrelin in Central Neurons. Curr Neuropharmacol 7: 
37-49, 2009. 
Fields HL. Understanding how opioids contribute to reward and analgesia. Reg Anesth Pain 
Med 32: 242-246, 2007. 
Fields HL, and Basbaum AI. Brainstem control of spinal pain-transmission neurons. Annu Rev 
Physiol 40: 217-248, 1978. 
Finan PH, and Smith MT. The comorbidity of insomnia, chronic pain, and depression: 
Dopamine as a putative mechanism. Sleep Med Rev 17: 173-183, 2013. 
Finkelstein EA, Khavjou OA, Thompson H, Trogdon JG, Pan L, Sherry B, and Dietz W. Obesity 
and severe obesity forecasts through 2030. Am J Prev Med 42: 563-570, 2012. 
Fioretti AB, Fusetti M, and Eibenstein A. The Predictive Role of Hyposmia in Alzheimer's 
Disease In: The Clinical Spectrum of Alzheimer's Disease -The Charge Toward Comprehensive 
Diagnostic and Therapeutic Strategies, edited by De La Monte SInTech, 2011. 
134 
 
Fischer H, Andersson JL, Furmark T, and Fredrikson M. Fear conditioning and brain activity: a 
positron emission tomography study in humans. Behav Neurosci 114: 671-680, 2000. 
Flanagan DE, Fulford J, Krishnan B, Benattayallah A, Watt A, and Summers IR. Functional MRI 
of the hypothalamic response to an oral glucose load. Diabetologia 55: 2080-2082, 2012. 
Flint A, Raben A, Blundell JE, and Astrup A. Reproducibility, power and validity of visual 
analogue scales in assessment of appetite sensations in single test meal studies. Int J Obes 
Relat Metab Disord 24: 38-48, 2000. 
Foltz EL, and White LE, Jr. Pain "relief" by frontal cingulumotomy. J Neurosurg 19: 89-100, 
1962. 
Foo H, Crabtree K, Thrasher A, and Mason P. Eating is a protected behavior even in the face of 
persistent pain in male rats. Physiol Behav 97: 426-429, 2009. 
Foo H, and Mason P. Analgesia accompanying food consumption requires ingestion of hedonic 
foods. J Neurosci 29: 13053-13062, 2009. 
Foo H, and Mason P. Sensory suppression during feeding. Proc Natl Acad Sci U S A 102: 16865-
16869, 2005. 
Fox MD, Corbetta M, Snyder AZ, Vincent JL, and Raichle ME. Spontaneous neuronal activity 
distinguishes human dorsal and ventral attention systems. Proc Natl Acad Sci U S A 103: 10046-
10051, 2006. 
Fox MD, Snyder AZ, Vincent JL, Corbetta M, Van Essen DC, and Raichle ME. The human brain 
is intrinsically organized into dynamic, anticorrelated functional networks. Proc Natl Acad Sci U 
S A 102: 9673-9678, 2005. 
Franciotti R, Ciancetta L, Della Penna S, Belardinelli P, Pizzella V, and Romani GL. Modulation 
of alpha oscillations in insular cortex reflects the threat of painful stimuli. Neuroimage 46: 
1082-1090, 2009. 
Frank S, Linder K, Kullmann S, Heni M, Ketterer C, Cavusoglu M, Krzeminski A, Fritsche A, 
Haring HU, Preissl H, Hinrichs J, and Veit R. Fat intake modulates cerebral blood flow in 
homeostatic and gustatory brain areas in humans. Am J Clin Nutr 95: 1342-1349, 2012. 
Frankenstein UN, Richter W, McIntyre MC, and Remy F. Distraction modulates anterior 
cingulate gyrus activations during the cold pressor test. Neuroimage 14: 827-836, 2001. 
Fransson P. Spontaneous low-frequency BOLD signal fluctuations: An fMRI investigation of the 
resting-state default mode of brain function hypothesis. Hum Brain Mapp 26: 15-29, 2005. 
Fransson P, and Marrelec G. The precuneus/posterior cingulate cortex plays a pivotal role in 
the default mode network: Evidence from a partial correlation network analysis. Neuroimage 
42: 1178-1184, 2008. 
Freckmann G, Schmid C, Baumstark A, Pleus S, Link M, and Haug C. System Accuracy 
Evaluation of 43 Blood Glucose Monitoring Systems for Self-Monitoring of Blood Glucose 
according to DIN EN ISO 15197. J Diabetes Sci Technol 6: 1060-1075, 2012. 
Friederich M, Trippe RH, Ozcan M, Weiss T, Hecht H, and Miltner WH. Laser-evoked 
potentials to noxious stimulation during hypnotic analgesia and distraction of attention 
suggest different brain mechanisms of pain control. Psychophysiology 38: 768-776, 2001. 
Friedman DP, Murray EA, O'Neill JB, and Mishkin M. Cortical connections of the 
somatosensory fields of the lateral sulcus of macaques: evidence for a corticolimbic pathway 
for touch. J Comp Neurol 252: 323-347, 1986. 
Friston KJ. Functional and effective connectivity in neuroimaging: A synthesis. Hum Brain 
Mapp 2: 56-78, 1994. 
Friston KJ, Frith CD, Fletcher P, Liddle PF, and Frackowiak RS. Functional topography: 
multidimensional scaling and functional connectivity in the brain. Cereb Cortex 6: 156-164, 
1996. 
Frot M, Faillenot I, and Mauguiere F. Processing of nociceptive input from posterior to 
anterior insula in humans. Hum Brain Mapp 35: 5486-5499, 2014. 
135 
 
Frot M, Rambaud L, Guenot M, and Mauguiere F. Intracortical recordings of early pain-related 
CO2-laser evoked potentials in the human second somatosensory (SII) area. Clin Neurophysiol 
110: 133-145, 1999. 
Fuhrer D, Zysset S, and Stumvoll M. Brain activity in hunger and satiety: an exploratory visually 
stimulated FMRI study. Obesity (Silver Spring) 16: 945-950, 2008. 
Gaetano J. Holm-Bonferroni Sequential Correction: An EXCEL Calculator - Ver. 1.2. 2013. 
Garcia-Larrea L. The posterior insular-opercular region and the search of a primary cortex for 
pain. Neurophysiol Clin 42: 299-313, 2012. 
Garcia-Larrea L, Frot M, and Valeriani M. Brain generators of laser-evoked potentials: from 
dipoles to functional significance. Neurophysiol Clin 33: 279-292, 2003. 
García-Larrea L, Peyron R, Laurent B, and Mauguière F. Association and dissociation between 
laser-evoked potentials and pain perception. NeuroReport 8: 3785-3789, 1997. 
Garland EL. Pain Processing in the Human Nervous System: A Selective Review of Nociceptive 
and Biobehavioral Pathways. Prim care 39: 561-571, 2012. 
Gautier JF, Chen K, Salbe AD, Bandy D, Pratley RE, Heiman M, Ravussin E, Reiman EM, and 
Tataranni PA. Differential brain responses to satiation in obese and lean men. Diabetes 49: 
838-846, 2000. 
Gautier JF, Del Parigi A, Chen K, Salbe AD, Bandy D, Pratley RE, Ravussin E, Reiman EM, and 
Tataranni PA. Effect of satiation on brain activity in obese and lean women. Obes Res 9: 676-
684, 2001. 
Gay CW, Robinson ME, George SZ, Perlstein WM, and Bishop MD. Immediate changes after 
manual therapy in resting-state functional connectivity as measured by functional magnetic 
resonance imaging in participants with induced low back pain. J Manipulative Physiol Ther 37: 
614-627, 2014. 
Gebhart GF, and Randich A. Vagal modulation of nociception. APS Journal 1: 26-32, 1992. 
Gebhart GF, Sandkuhler J, Thalhammer JG, and Zimmermann M. Inhibition of spinal 
nociceptive information by stimulation in midbrain of the cat is blocked by lidocaine 
microinjected in nucleus raphe magnus and medullary reticular formation. J Neurophysiol 50: 
1446-1459, 1983. 
Geha P, deAraujo I, Green B, and Small DM. Decreased food pleasure and disrupted satiety 
signals in chronic low back pain. PAIN® 155: 712-722, 2014. 
Geliebter A, Gibson CD, Hernandez DB, Atalayer D, Kwon A, Lee MI, Mehta N, Phair D, and 
Gluck ME. Plasma cortisol levels in response to a cold pressor test did not predict appetite or 
ad libitum test meal intake in obese women. Appetite 59: 956-959, 2012. 
Gessa GL, Vargiu L, Crabai F, Boero GC, Caboni F, and Camba R. Selective increase of brain 
dopamine induced by gamma-hydroxybutyrate. Life Sci 5: 1921-1930, 1966. 
Ghosh S, Laxmi TR, and Chattarji S. Functional connectivity from the amygdala to the 
hippocampus grows stronger after stress. J Neurosci 33: 7234-7244, 2013. 
Gibson EL. The psychobiology of comfort eating: implications for neuropharmacological 
interventions. Behav Pharmacol 23: 442-460, 2012. 
Gingold SI, Greenspan JD, and Apkarian AV. Anatomic evidence of nociceptive inputs to 
primary somatosensory cortex: relationship between spinothalamic terminals and 
thalamocortical cells in squirrel monkeys. J Comp Neurol 308: 467-490, 1991. 
Giuliani NR, Mann T, Tomiyama AJ, and Berkman ET. Neural Systems Underlying the 
Reappraisal of Personally Craved Foods. J Cogn Neurosci 26: 1390-1402, 2014. 
Gondo M, Moriguchi Y, Kodama N, Sato N, Sudo N, Kubo C, and Komaki G. Daily physical 
complaints and hippocampal function: an fMRI study of pain modulation by anxiety. 
Neuroimage 63: 1011-1019, 2012. 
136 
 
Gong N, Xiao Q, Zhu B, Zhang CY, Wang YC, Fan H, Ma AN, and Wang YX. Activation of spinal 
glucagon-like peptide-1 receptors specifically suppresses pain hypersensitivity. J Neurosci 34: 
5322-5334, 2014. 
Goparaju B, Rana KD, Calabro FJ, and Vaina LM. A computational study of whole-brain 
connectivity in resting state and task fMRI. Med Sci Monit 20: 1024-1042, 2014. 
Gordi T, and Khamis H. Simple solution to a common statistical problem: Interpreting multiple 
tests. Clin Therapeut 26: 780-786, 2004. 
Gottfried JA, Deichmann R, Winston JS, and Dolan RJ. Functional heterogeneity in human 
olfactory cortex: an event-related functional magnetic resonance imaging study. J Neurosci 22: 
10819-10828, 2002. 
Gottfried JA, and Zald DH. On the scent of human olfactory orbitofrontal cortex: meta-analysis 
and comparison to non-human primates. Brain Res Brain Res Rev 50: 287-304, 2005. 
Goubet N, Rattaz C, Pierrat V, Bullinger A, and Lequien P. Olfactory experience mediates 
response to pain in preterm newborns. Dev Psychobiol 42: 171-180, 2003. 
Grabenhorst F, and Rolls ET. Different representations of relative and absolute subjective 
value in the human brain. Neuroimage 48: 258-268, 2009. 
Grech R, Cassar T, Muscat J, Camilleri KP, Fabri SG, Zervakis M, Xanthopoulos P, Sakkalis V, 
and Vanrumste B. Review on solving the inverse problem in EEG source analysis. J Neuroeng 
Rehabil 5: 25, 2008. 
Greicius MD, Krasnow B, Reiss AL, and Menon V. Functional connectivity in the resting brain: 
a network analysis of the default mode hypothesis. Proc Natl Acad Sci U S A 100: 253-258, 
2003. 
Grill HJ. Distributed Neural Control of Energy Balance: Contributions from Hindbrain and 
Hypothalamus. Obesity 14: 216S-221S, 2006. 
Grill HJ, and Kaplan JM. The neuroanatomical axis for control of energy balance. Front 
Neuroendocrinol 23: 2-40, 2002. 
Grill HJ, and Norgren R. The taste reactivity test. II. Mimetic responses to gustatory stimuli in 
chronic thalamic and chronic decerebrate rats. Brain Res 143: 281-297, 1978. 
Groenewegen HJ, and Uylings HBM. The prefrontal cortex and the integration of sensory, 
limbic and autonomic information. In: Progress in Brain Research, edited by Uylings HBM, 
vanEden GG, deBruin JPC, Feenstra MGP, and Pennartz CMAElsevier, 2000, p. 3-28. 
Gschossmann JM, Mayer EA, Miller JC, and Raybould HE. Subdiaphragmatic vagal afferent 
innervation in activation of an opioidergic antinociceptive system in response to colorectal 
distension in rats. Neurogastroenterol Motil 14: 403-408, 2002. 
Guneli E, Onal A, Ates M, Bagriyanik HA, Resmi H, Orhan CE, Kolatan HE, and Gumustekin M. 
Effects of repeated administered ghrelin on chronic constriction injury of the sciatic nerve in 
rats. Neurosci Lett 479: 226-230, 2010. 
Guyton AC, and Hall JE. Textbook of Medical Physiology. New York: Saunders, Harcourt Health 
Sciences, 2004. 
Haase L, Green E, and Murphy C. Males and females show differential brain activation to taste 
when hungry and sated in gustatory and reward areas. Appetite 57: 421-434, 2011. 
Hagains CE, Senapati AK, Huntington PJ, He JW, and Peng YB. Inhibition of spinal cord dorsal 
horn neuronal activity by electrical stimulation of the cerebellar cortex. J Neurophysiol 106: 
2515-2522, 2011. 
Hahn T, Dresler T, Plichta MM, Ehlis AC, Ernst LH, Markulin F, Polak T, Blaimer M, Deckert J, 
Lesch KP, Jakob PM, and Fallgatter AJ. Functional amygdala-hippocampus connectivity during 
anticipation of aversive events is associated with Gray's trait "sensitivity to punishment". Biol 
Psychiatry 68: 459-464, 2010. 
Halford JCG, Boyland EJ, Blundell JE, Kirkham TC, and Harrold JA. Pharmacological 
management of appetite expression in obesity. Nat Rev Endocrinol 6: 255-269, 2010. 
137 
 
Haouari N, Wood C, Griffiths G, and Levene M. The analgesic effect of sucrose in full term 
infants: a randomised controlled trial. BMJ 310: 1498-1500, 1995. 
Hare TA, Camerer CF, and Rangel A. Self-control in decision-making involves modulation of the 
vmPFC valuation system. Science 324: 646-648, 2009. 
Hari R, Parkkonen L, and Nangini C. The brain in time: insights from neuromagnetic 
recordings. Ann N Y Acad Sci 1191: 89-109, 2010. 
Harvey J. Leptin: a diverse regulator of neuronal function. J Neurochem 100: 307-313, 2007. 
Harvey J. Leptin: a multifaceted hormone in the central nervous system. Mol Neurobiol 28: 
245-258, 2003. 
Hauk O. Introduction to EEG and MEG. 2013. 
Hazeltine E, Bunge SA, Scanlon MD, and Gabrieli JD. Material-dependent and material-
independent selection processes in the frontal and parietal lobes: an event-related fMRI 
investigation of response competition. Neuropsychologia 41: 1208-1217, 2003. 
Heni M, Kullmann S, Ketterer C, Guthoff M, Bayer M, Staiger H, Machicao F, Haring HU, 
Preissl H, Veit R, and Fritsche A. Differential effect of glucose ingestion on the neural 
processing of food stimuli in lean and overweight adults. Hum Brain Mapp 35: 918-928, 2014. 
Henrich J, Heine SJ, and Norenzayan A. The weirdest people in the world? Behav Brain Sci 33: 
61-83, 2010. 
Herbert C, Kissler J, Junghofer M, Peyk P, and Rockstroh B. Processing of emotional 
adjectives: Evidence from startle EMG and ERPs. Psychophysiology 43: 197-206, 2006. 
Hinkle W, Cordell M, Leibel R, Rosenbaum M, and Hirsch J. Effects of reduced weight 
maintenance and leptin repletion on functional connectivity of the hypothalamus in obese 
humans. PLoS One 8: e59114, 2013. 
Hinton EC, Parkinson JA, Holland AJ, Arana FS, Roberts AC, and Owen AM. Neural 
contributions to the motivational control of appetite in humans. Eur J Neurosci 20: 1411-1418, 
2004. 
Hodge CJ, Jr., and Apkarian AV. The spinothalamic tract. Crit Rev Neurobiol 5: 363-397, 1990. 
Hoechstetter K, Berg P, and Scherg M. BESA Research Tutorial: Distributed Source Imaging 
www.besa.de. 
Hofbauer RK, Rainville P, Duncan GH, and Bushnell MC. Cortical representation of the sensory 
dimension of pain. J Neurophysiol 86: 402-411, 2001. 
Hollmann M, Hellrung L, Pleger B, Schlogl H, Kabisch S, Stumvoll M, Villringer A, and 
Horstmann A. Neural correlates of the volitional regulation of the desire for food. Int J Obes 
(Lond) 36: 648-655, 2012. 
Holm S. A simple sequentially rejective multiple test procedure. Scand J Stat 65-70, 1979. 
Holtmann G, Goebell H, Jockenhoevel F, and Talley NJ. Altered vagal and intestinal 
mechanosensory function in chronic unexplained dyspepsia. Gut 42: 501-506, 1998. 
Hornak JP. The Basics of MRI. Interactive Learning Software, 2008. 
Hua XY, Boublik JH, Spicer MA, Rivier JE, Brown MR, and Yaksh TL. The antinociceptive effects 
of spinally administered neuropeptide Y in the rat: systematic studies on structure-activity 
relationship. J Pharmacol Exp Ther 258: 243-248, 1991. 
Huang GF, Besson JM, and Bernard JF. Intravenous morphine depresses the transmission of 
noxious messages to the nucleus centralis of the amygdala. Eur J Pharmacol 236: 449-456, 
1993. 
Huart C, Legrain V, Hummel T, Rombaux P, and Mouraux A. Time-Frequency Analysis of 
Chemosensory Event-Related Potentials to Characterize the Cortical Representation of Odors 
in Humans. PLoS One 7: e33221, 2012. 
Hurt RW, and Ballantine HT, Jr. Stereotactic anterior cingulate lesions for persistent pain: a 
report on 68 cases. Clin Neurosurg 21: 334-351, 1974. 
138 
 
Hutchison WD, Davis KD, Lozano AM, Tasker RR, and Dostrovsky JO. Pain-related neurons in 
the human cingulate cortex. Nat Neurosci 2: 403-405, 1999. 
Iadarola MJ, Berman KF, Zeffiro TA, Byas-Smith MG, Gracely RH, Max MB, and Bennett GJ. 
Neural activation during acute capsaicin-evoked pain and allodynia assessed with PET. Brain 
121 ( Pt 5): 931-947, 1998. 
Iannetti GD, Hughes NP, Lee MC, and Mouraux A. Determinants of laser-evoked EEG 
responses: pain perception or stimulus saliency? J Neurophysiol 100: 815-828, 2008. 
Iannetti GD, Zambreanu L, Cruccu G, and Tracey I. Operculoinsular cortex encodes pain 
intensity at the earliest stages of cortical processing as indicated by amplitude of laser-evoked 
potentials in humans. Neuroscience 131: 199-208, 2005. 
Ikeda H, Takasu S, and Murase K. Contribution of anterior cingulate cortex and descending 
pain inhibitory system to analgesic effect of lemon odor in mice. Mol Pain 10: 14, 2014. 
Itzhak Y, and Ali SF. Repeated Administration of Gamma-Hydroxybutyric Acid (GHB) to Mice. 
Ann N Y Acad Sci 965: 451-460, 2002. 
Iwata K, Kamo H, Ogawa A, Tsuboi Y, Noma N, Mitsuhashi Y, Taira M, Koshikawa N, and 
Kitagawa J. Anterior cingulate cortical neuronal activity during perception of noxious thermal 
stimuli in monkeys. J Neurophysiol 94: 1980-1991, 2005. 
Jackson PL, Meltzoff AN, and Decety J. How do we perceive the pain of others? A window into 
the neural processes involved in empathy. Neuroimage 24: 771-779, 2005. 
Jafarzadeh M, Arman S, and Pour FF. Effect of aromatherapy with orange essential oil on 
salivary cortisol and pulse rate in children during dental treatment: A randomized controlled 
clinical trial. Adv Biomed Res 2: 10, 2013. 
Janke AE, and Kozak AT. "The more pain I have, the more I want to eat": obesity in the context 
of chronic pain. Obesity (Silver Spring) 20: 2027-2034, 2012. 
Jansen ASP, Farkas E, Mac Sams J, and Loewy AD. Local connections between the columns of 
the periaqueductal gray matter: a case for intrinsic neuromodulation. Brain Res 797: 368, 
1998. 
Jarcho JM, Mayer EA, Jiang ZK, Feier NA, and London ED. Pain, affective symptoms, and 
cognitive deficits in patients with cerebral dopamine dysfunction. Pain 153: 744-754, 2012. 
Jauch-Chara K, Kistenmacher A, Herzog N, Schwarz M, Schweiger U, and Oltmanns KM. 
Repetitive electric brain stimulation reduces food intake in humans. Am J Clin Nutr 100: 1003-
1009, 2014. 
Jauch-Chara K, and Oltmanns KM. Obesity – A neuropsychological disease? Systematic review 
and neuropsychological model. Progress Neurobiol 114: 84-101, 2014. 
Jeffs D, Dorman D, Brown S, Files A, Graves T, Kirk E, Meredith-Neve S, Sanders J, White B, 
and Swearingen CJ. Effect of virtual reality on adolescent pain during burn wound care. J Burn 
Care Res 35: 395-408, 2014. 
Jennings EM, Okine BN, Roche M, and Finn DP. Stress-induced hyperalgesia. Prog Neurobiol 
121: 1-18, 2014. 
Jequier E. Leptin signaling, adiposity, and energy balance. Ann N Y Acad Sci 967: 379-388, 
2002. 
Ji G, Fu Y, Ruppert KA, and Neugebauer V. Pain-related anxiety-like behavior requires CRF1 
receptors in the amygdala. Mol Pain 3: 13, 2007. 
Ji G, and Neugebauer V. Pro- and anti-nociceptive effects of corticotropin-releasing factor 
(CRF) in central amygdala neurons are mediated through different receptors. J Neurophysiol 
99: 1201-1212, 2008. 
Kageyama H, Takenoya F, Hirako S, Wada N, Kintaka Y, Inoue S, Ota E, Ogawa T, and Shioda 
S. Neuronal circuits involving neuropeptide Y in hypothalamic arcuate nucleus-mediated 
feeding regulation. Neuropeptides 46: 285-289, 2012. 
139 
 
Kakeda T, Ogino Y, Moriya F, and Saito S. Sweet taste-induced analgesia: an fMRI study. 
NeuroReport 21: 427-431, 2010. 
Kale VP, Joshi GS, Gohil PB, and Jain MR. Effect of fasting duration on clinical pathology 
results in Wistar rats. Vet Clin Pathol 38: 361-366, 2009. 
Kanda M, Nagamine T, Ikeda A, Ohara S, Kunieda T, Fujiwara N, Yazawa S, Sawamoto N, 
Matsumoto R, Taki W, and Shibasaki H. Primary somatosensory cortex is actively involved in 
pain processing in human. Brain Res 853: 282-289, 2000. 
Karlsson J, Persson LO, Sjostrom L, and Sullivan M. Psychometric properties and factor 
structure of the Three-Factor Eating Questionnaire (TFEQ) in obese men and women. Results 
from the Swedish Obese Subjects (SOS) study. Int J Obes Relat Metab Disord 24: 1715-1725, 
2000. 
Kattoor J, Gizewski ER, Kotsis V, Benson S, Gramsch C, Theysohn N, Maderwald S, Forsting M, 
Schedlowski M, and Elsenbruch S. Fear conditioning in an abdominal pain model: neural 
responses during associative learning and extinction in healthy subjects. PLoS One 8: e51149, 
2013. 
Keifer Jr OP, Gutman DA, Hecht EE, Keilholz SD, and Ressler KJ. A comparative analysis of 
mouse and human medial geniculate nucleus connectivity: A DTI and anterograde tracing 
study. Neuroimage 105: 53-66, 2015. 
Kelley AE. Ventral striatal control of appetitive motivation: role in ingestive behavior and 
reward-related learning. Neurosci Biobehav Rev 27: 765-776, 2004. 
Kelly C, Toro R, Di Martino A, Cox CL, Bellec P, Castellanos FX, and Milham MP. A convergent 
functional architecture of the insula emerges across imaging modalities. Neuroimage 61: 1129-
1142, 2012. 
Kemmer PB, Guo Y, Wang Y, and Pagnoni G. Network-based characterization of brain 
functional connectivity in Zen practitioners. Front Psychol 6: 603, 2015. 
Kemmotsu N, and Murphy C. Restrained eaters show altered brain response to food odor. 
Physiol Behav 87: 323-329, 2006. 
Kenshalo DR, Iwata K, Sholas M, and Thomas DA. Response properties and organization of 
nociceptive neurons in area 1 of monkey primary somatosensory cortex. J Neurophysiol 84: 
719-729, 2000. 
Kenshalo DR, Jr., Giesler GJ, Jr., Leonard RB, and Willis WD. Responses of neurons in primate 
ventral posterior lateral nucleus to noxious stimuli. J Neurophysiol 43: 1594-1614, 1980. 
Kenshalo DR, Jr., and Isensee O. Responses of primate SI cortical neurons to noxious stimuli. J 
Neurophysiol 50: 1479-1496, 1983. 
Khasar SG, Miao JP, Janig W, and Levine JD. Modulation of bradykinin-induced mechanical 
hyperalgesia in the rat by activity in abdominal vagal afferents. Eur J Neurosci 10: 435-444, 
1998. 
Khasar SG, Reichling DB, Green PG, Isenberg WM, and Levine JD. Fasting is a physiological 
stimulus of vagus-mediated enhancement of nociception in the female rat. Neuroscience 119: 
215-221, 2003. 
Killgore WDS, Young AD, Femia LA, Bogorodzki P, Rogowska J, and Yurgelun-Todd DA. 
Cortical and limbic activation during viewing of high- versus low-calorie foods. Neuroimage 19: 
1381-1394, 2003. 
Kilpatrick LA, Coveleskie K, Connolly L, Labus JS, Ebrat B, Stains J, Jiang Z, Suyenobu BY, 
Raybould HE, Tillisch K, and Mayer EA. Influence of Sucrose Ingestion on Brainstem and 
Hypothalamic Intrinsic Oscillations in Lean and Obese Women. Gastroenterology 146: 1212-
1221, 2014. 
Kim J, Loggia ML, Edwards RR, Wasan AD, Gollub RL, and Napadow V. Sustained deep-tissue 
pain alters functional brain connectivity. Pain 154: 1343-1351, 2013. 
140 
 
Kim S, Kim HJ, Yeo JS, Hong SJ, Lee JM, and Jeon Y. The effect of lavender oil on stress, 
bispectral index values, and needle insertion pain in volunteers. J Altern Complement Med 17: 
823-826, 2011. 
Klitenick MA, DeWitte P, and Kalivas PW. Regulation of somatodendritic dopamine release in 
the ventral tegmental area by opioids and GABA: an in vivo microdialysis study. J Neurosci 12: 
2623-2632, 1992. 
Kong J, Jensen K, Loiotile R, Cheetham A, Wey H-Y, Tan Y, Rosen B, Smoller JW, Kaptchuk TJ, 
and Gollub RL. Functional connectivity of frontoparietal network predicts cognitive modulation 
of pain. Pain 154: 459-467, 2013. 
Kong J, Loggia ML, Zyloney C, Tu P, Laviolette P, and Gollub RL. Exploring the brain in pain: 
activations, deactivations and their relation. Pain 148: 257-267, 2010. 
Korbonits M, Trainer PJ, Little JA, Edwards R, Kopelman PG, Besser GM, Svec F, and 
Grossman AB. Leptin levels do not change acutely with food administration in normal or obese 
subjects, but are negatively correlated with pituitary-adrenal activity. Clin Endocrinol (Oxf) 46: 
751-757, 1997. 
Koyama T, Kato K, Tanaka YZ, and Mikami A. Anterior cingulate activity during pain-avoidance 
and reward tasks in monkeys. Neurosci Res 39: 421-430, 2001. 
Koyama T, McHaffie JG, Laurienti PJ, and Coghill RC. The subjective experience of pain: Where 
expectations become reality. Proc Natl Acad Sci U S A 102: 12950-12955, 2005. 
Koyama T, Tanaka YZ, and Mikami A. Nociceptive neurons in the macaque anterior cingulate 
activate during anticipation of pain. NeuroReport 9: 2663-2667, 1998. 
Krain AL, Wilson AM, Arbuckle R, Castellanos FX, and Milham MP. Distinct neural 
mechanisms of risk and ambiguity: a meta-analysis of decision-making. Neuroimage 32: 477-
484, 2006. 
Kringelbach ML, de Araujo IE, and Rolls ET. Taste-related activity in the human dorsolateral 
prefrontal cortex. Neuroimage 21: 781-788, 2004. 
Kritsidima M, Newton T, and Asimakopoulou K. The effects of lavender scent on dental 
patient anxiety levels: a cluster randomised-controlled trial. Community Dent Oral Epidemiol 
38: 83-87, 2010. 
Kroemer NB, Krebs L, Kobiella A, Grimm O, Vollstadt-Klein S, Wolfensteller U, Kling R, 
Bidlingmaier M, Zimmermann US, and Smolka MN. (Still) longing for food: insulin reactivity 
modulates response to food pictures. Hum Brain Mapp 34: 2367-2380, 2013. 
Kucyi A, Salomons TV, and Davis KD. Mind wandering away from pain dynamically engages 
antinociceptive and default mode brain networks. Proc Natl Acad Sci U S A 110: 18692-18697, 
2013. 
Kulkarni B, Bentley DE, Elliott R, Youell P, Watson A, Derbyshire SW, Frackowiak RS, Friston 
KJ, and Jones AK. Attention to pain localization and unpleasantness discriminates the functions 
of the medial and lateral pain systems. Eur J Neurosci 21: 3133-3142, 2005. 
Kullmann S, Heni M, Veit R, Ketterer C, Schick F, Haring HU, Fritsche A, and Preissl H. The 
obese brain: association of body mass index and insulin sensitivity with resting state network 
functional connectivity. Hum Brain Mapp 33: 1052-1061, 2012. 
Kundermann B, Spernal J, Huber MT, Krieg JC, and Lautenbacher S. Sleep deprivation affects 
thermal pain thresholds but not somatosensory thresholds in healthy volunteers. Psychosom 
Med 66: 932-937, 2004. 
Kurth F, Zilles K, Fox P, Laird A, and Eickhoff S. A link between the systems: functional 
differentiation and integration within the human insula revealed by meta-analysis. Brain Struct 
Func 214: 519-534, 2010. 
Kushnir V, Menon M, Balducci XL, Selby P, Busto U, and Zawertailo L. Enhanced smoking cue 
salience associated with depression severity in nicotine-dependent individuals: a preliminary 
fMRI study. Int J Neuropsychopharmacol 16: 997-1008, 2013. 
141 
 
Kutlu S, Canpolat S, Sandal S, Ozcan M, Sarsilmaz M, and Kelestimur H. Effects of central and 
peripheral administration of leptin on pain threshold in rats and mice. Neuro Endocrinol Lett 
24: 193-196, 2003. 
LaBar KS, Gitelman DR, Parrish TB, Kim YH, Nobre AC, and Mesulam MM. Hunger selectively 
modulates corticolimbic activation to food stimuli in humans. Behav Neurosci 115: 493-500, 
2001. 
LaGraize SC, Borzan J, Rinker MM, Kopp JL, and Fuchs PN. Behavioral evidence for competing 
motivational drives of nociception and hunger. Neurosci Lett 372: 30-34, 2004. 
Laird AR, Eickhoff SB, Li K, Robin DA, Glahn DC, and Fox PT. Investigating the functional 
heterogeneity of the default mode network using coordinate-based meta-analytic modeling. J 
Neurosci 29: 14496-14505, 2009. 
Lake A, and Townshend T. Obesogenic environments: exploring the built and food 
environments. J R Soc Promot Health 126: 262-267, 2006. 
Lang PJ, Bradley MM, and Cuthbert BN. Motivated attention: Affect, activation, and action. In: 
Attention and orienting: Sensory and motivational processes, edited by Lang PJ, Simons RF, and 
Balaban MT. Hillsdale, NJ: Erlbaum, 1997, p. 97-135. 
Lang PJ, Bradley MM, and Cuthbert BN. A Motivational Analysis of Emotion: Reflex-Cortex 
Connections. Psychol Sci 3: 44-49, 1992. 
Laskiewicz J, Krolczyk G, Zurowski G, Sobocki J, Matyja A, and Thor PJ. Effects of vagal 
neuromodulation and vagotomy on control of food intake and body weight in rats. J Physiol 
Pharmacol 54: 603-610, 2003. 
Le DS, Chen K, Pannacciulli N, Gluck M, Reiman EM, and Krakoff J. Reanalysis of the obesity-
related attenuation in the left dorsolateral prefrontal cortex response to a satiating meal using 
gyral regions-of-interest. J Am Coll Nutr 28: 667-673, 2009. 
Le DS, Pannacciulli N, Chen K, Del Parigi A, Salbe AD, Reiman EM, and Krakoff J. Less 
activation of the left dorsolateral prefrontal cortex in response to a meal: a feature of obesity. 
Am J Clin Nutr 84: 725-731, 2006. 
Le DS, Pannacciulli N, Chen K, Salbe AD, Del Parigi A, Hill JO, Wing RR, Reiman EM, and 
Krakoff J. Less activation in the left dorsolateral prefrontal cortex in the reanalysis of the 
response to a meal in obese than in lean women and its association with successful weight 
loss. Am J Clin Nutr 86: 573-579, 2007. 
Leduc G, Bourgault P, Gagné M, and Marchand S. (730): Effect of odors in the pain perception. 
J Pain 8: S33, 2007. 
Lee BH, Park SH, Won R, Park YG, and Sohn JH. Antiallodynic effects produced by stimulation 
of the periaqueductal gray matter in a rat model of neuropathic pain. Neurosci Lett 291: 29-32, 
2000. 
Lee KS, Huang YH, and Yen CT. Periaqueductal gray stimulation suppresses spontaneous pain 
behavior in rats. Neurosci Lett 514: 42-45, 2012. 
Lee MC, Mouraux A, and Iannetti GD. Characterizing the cortical activity through which pain 
emerges from nociception. J Neurosci 29: 7909-7916, 2009. 
Leech R, and Sharp DJ. The role of the posterior cingulate cortex in cognition and disease. 
Brain 137: 12-32, 2014. 
Legrain V, Guerit JM, Bruyer R, and Plaghki L. Attentional modulation of the nociceptive 
processing into the human brain: selective spatial attention, probability of stimulus 
occurrence, and target detection effects on laser evoked potentials. Pain 99: 21-39, 2002. 
Lehmann D. Principles of spatial analysis. In: Handbook of Electroencephalography and Clinical 
Neurophysiology: Methods of Analysis of Brain Electrical and Magnetic Signals, edited by 
Gevins AS, and Remond A. Amsterdam: Elsevier, 1987, p. 309-354. 
142 
 
Lehr VT, Cortez J, Grever W, Cepeda E, Thomas R, and Aranda JV. Randomized Placebo 
Controlled Trial of Sucrose Analgesia on Neonatal Skin Blood Flow and Pain Response During 
Heel Lance. Clin J Pain 2014. 
Lehrner J, Eckersberger C, Walla P, Potsch G, and Deecke L. Ambient odor of orange in a 
dental office reduces anxiety and improves mood in female patients. Physiol Behav 71: 83-86, 
2000. 
Lehrner J, Marwinski G, Lehr S, Johren P, and Deecke L. Ambient odors of orange and 
lavender reduce anxiety and improve mood in a dental office. Physiol Behav 86: 92-95, 2005. 
Leiphart JW, Vasudevan PP, Rajjoub SR, Dominguez LW, and Chang J. The effect of acute 
postoperative pain and chronic neuropathic pain on subsequent weight gain in the rat. J 
Neurosurg 112: 780-783, 2010. 
Lemaire J-J, Frew AJ, McArthur D, Gorgulho AA, Alger JR, Salomon N, Chen C, Behnke EJ, and 
De Salles AAF. White matter connectivity of human hypothalamus. Brain Res 1371: 43-64, 
2011. 
Lenz FA, Casey KL, Jones EG, and Willis WDJ. The Human Pain System: Experimental and 
Clinical Perspectives. New York: Cambridge University Press, 2010. 
Lenz FA, Kwan HC, Martin R, Tasker R, Richardson RT, and Dostrovsky JO. Characteristics of 
somatotopic organization and spontaneous neuronal activity in the region of the thalamic 
principal sensory nucleus in patients with spinal cord transection. J Neurophysiol 72: 1570-
1587, 1994. 
Lenz FA, Seike M, Richardson RT, Lin YC, Baker FH, Khoja I, Jaeger CJ, and Gracely RH. 
Thermal and pain sensations evoked by microstimulation in the area of human ventrocaudal 
nucleus. J Neurophysiol 70: 200-212, 1993. 
Leone M, Franzini A, D'Andrea G, Broggi G, Casucci G, and Bussone G. Deep brain stimulation 
to relieve drug-resistant SUNCT. Ann Neurol 57: 924-927, 2005. 
Leone M, Franzini A, Proietti Cecchini A, and Bussone G. Success, failure, and putative 
mechanisms in hypothalamic stimulation for drug-resistant chronic cluster headache. Pain 154: 
89-94, 2013. 
Leone M, Proietti Cecchini A, Franzini A, Broggi G, Cortelli P, Montagna P, May A, Juergens T, 
Cordella R, Carella F, and Bussone G. Lessons from 8 years' experience of hypothalamic 
stimulation in cluster headache. Cephalalgia 28: 787-797; discussion 798, 2008. 
Lewkowski MD, Ditto B, Roussos M, and Young SN. Sweet taste and blood pressure-related 
analgesia. Pain 106: 181-186, 2003. 
Li J, An R, Zhang Y, Li X, and Wang S. Correlations of macronutrient-induced functional 
magnetic resonance imaging signal changes in human brain and gut hormone responses. Am J 
Clin Nutr 96: 275-282, 2012a. 
Li JB, and Wassner SJ. Muscle degradation in uremia: 3-methylhistidine release in fed and 
fasted rats. Kidney Int 20: 321-325, 1981. 
Li JJ, Zhou X, and Yu LC. Involvement of neuropeptide Y and Y1 receptor in antinociception in 
the arcuate nucleus of hypothalamus, an immunohistochemical and pharmacological study in 
intact rats and rats with inflammation. Pain 118: 232-242, 2005. 
Li X, Kang L, Li G, Zeng H, Zhang L, Ling X, Dong H, Liang S, and Chen H. Intrathecal leptin 
inhibits expression of the P2X(2/3) receptors and alleviates neuropathic pain induced by 
chronic constriction sciatic nerve injury. Mol Pain 9: 65-65, 2013. 
Li Z, Zhu Y, Childress AR, Detre JA, and Wang Z. Relations between BOLD fMRI-derived resting 
brain activity and cerebral blood flow. PLoS One 7: e44556, 2012b. 
Liang M, Mouraux A, and Iannetti GD. Parallel processing of nociceptive and non-nociceptive 
somatosensory information in the human primary and secondary somatosensory cortices: 
evidence from dynamic causal modeling of functional magnetic resonance imaging data. J 
Neurosci 31: 8976-8985, 2011. 
143 
 
Liang X, Zou Q, He Y, and Yang Y. Coupling of functional connectivity and regional cerebral 
blood flow reveals a physiological basis for network hubs of the human brain. Proc Natl Acad 
Sci U S A 110: 1929-1934, 2013. 
Lim G, Wang S, Zhang Y, Tian Y, and Mao J. Spinal leptin contributes to the pathogenesis of 
neuropathic pain in rodents. J Clin Invest 119: 295-304, 2009. 
Lin CS, Niddam DM, Hsu ML, and Hsieh JC. Pain catastrophizing is associated with dental pain 
in a stressful context. J Dent Res 92: 130-135, 2013. 
Lindquist KA, Wager TD, Kober H, Bliss-Moreau E, and Barrett LF. The brain basis of emotion: 
a meta-analytic review. Behav Brain Sci 35: 121-143, 2012. 
Liotti M, Brannan S, Egan G, Shade R, Madden L, Abplanalp B, Robillard R, Lancaster J, 
Zamarripa FE, Fox PT, and Denton D. Brain responses associated with consciousness of 
breathlessness (air hunger). Proc Natl Acad Sci U S A 98: 2035-2040, 2001. 
Lipton ML. Totally Accessible MRI: A User's Guide to Principles, Technology, and Applications. 
NY, USA: Springer-Verlag, 2008. 
Little TJ, McKie S, Jones RB, D'Amato M, Smith C, Kiss O, Thompson DG, and McLaughlin JT. 
Mapping glucose-mediated gut-to-brain signalling pathways in humans. Neuroimage 2014. 
Liu CC, Chien JH, Kim JH, Chuang YF, Cheng DT, Anderson WS, and Lenz FA. Cross-frequency 
coupling in deep brain structures upon processing the painful sensory inputs. Neuroscience 
303: 412-421, 2015. 
Liu CC, Ohara S, Franaszczuk P, Zagzoog N, Gallagher M, and Lenz FA. Painful stimuli evoke 
potentials recorded from the medial temporal lobe in humans. Neuroscience 165: 1402-1411, 
2010. 
Liu CC, Shi CQ, Franaszczuk PJ, Crone NE, Schretlen D, Ohara S, and Lenz FA. Painful laser 
stimuli induce directed functional interactions within and between the human amygdala and 
hippocampus. Neuroscience 178: 208-217, 2011. 
Liu H, Schimpf PH, Dong G, Gao X, Yang F, and Gao S. Standardized shrinking LORETA-FOCUSS 
(SSLOFO): a new algorithm for spatio-temporal EEG source reconstruction. IEEE Trans Biomed 
Eng 52: 1681-1691, 2005. 
Liu MG, and Chen J. Roles of the hippocampal formation in pain information processing. 
Neurosci Bull 25: 237-266, 2009. 
Loch D, Breer H, and Strotmann J. Endocrine Modulation of Olfactory Responsiveness: Effects 
of the Orexigenic Hormone Ghrelin. Chem Senses 2015. 
Lockwood PL, Iannetti GD, and Haggard P. Transcranial magnetic stimulation over human 
secondary somatosensory cortex disrupts perception of pain intensity. Cortex 49: 2201-2209, 
2013. 
Loeber S, Grosshans M, Herpertz S, Kiefer F, and Herpertz SC. Hunger modulates behavioral 
disinhibition and attention allocation to food-associated cues in normal-weight controls. 
Appetite 71: 32-39, 2013. 
Logothetis NK, Pauls J, Augath M, Trinath T, and Oeltermann A. Neurophysiological 
investigation of the basis of the fMRI signal. Nature 412: 150-157, 2001. 
London ED, Berman SM, Chakrapani S, Delibasi T, Monterosso J, Erol HK, Paz-Filho G, Wong 
ML, and Licinio J. Short-term plasticity of gray matter associated with leptin deficiency and 
replacement. J Clin Endocrinol Metab 96: E1212-1220, 2011. 
Lopez RB, Hofmann W, Wagner DD, Kelley WM, and Heatherton TF. Neural Predictors of 
Giving in to Temptation in Daily Life. Psychol Sci 25: 1337-1344, 2014. 
Luck SJ. An Introduction to the Event-Related Potential Technique. Cambridge, MA: MIT Press, 
2005a. 
Luck SJ. An Introduction to the Event-Related Potential Technique: Second edition. Cambridge, 
MA: MIT Press, 2014. 
144 
 
Luck SJ. Ten Simple Rules for Designing ERP Experiments. In: Event-Related Potentials: A 
Methods Handbook, edited by Handy TC. Cambridge, MA: MIT Press, 2005b. 
Lyons MK, Dodick DW, and Evidente VG. Responsiveness of short-lasting unilateral 
neuralgiform headache with conjunctival injection and tearing to hypothalamic deep brain 
stimulation. J Neurosurg 110: 279-281, 2009. 
Mai JK, and Paxinos G. The Human Nervous System. San Diego, California: Elsevier Academic 
Press, 2011. 
Maihofner C, Herzner B, and Otto Handwerker H. Secondary somatosensory cortex is 
important for the sensory-discriminative dimension of pain: a functional MRI study. Eur J 
Neurosci 23: 1377-1383, 2006. 
Maihofner C, and Kaltenhauser M. Quality discrimination for noxious stimuli in secondary 
somatosensory cortex: a MEG-study. Eur J Pain 13: 1048 e1041-1047, 2009. 
Maldjian JA, Laurienti PJ, and Burdette JH. Precentral gyrus discrepancy in electronic versions 
of the Talairach atlas. Neuroimage 21: 450-455, 2004. 
Maldjian JA, Laurienti PJ, Kraft RA, and Burdette JH. An automated method for 
neuroanatomic and cytoarchitectonic atlas-based interrogation of fMRI data sets. Neuroimage 
19: 1233-1239, 2003. 
Maleki N, Brawn J, Barmettler G, Borsook D, and Becerra L. Pain Response as Measured with 
Arterial Spin Labeling. NMR Biomed 26: 664-673, 2013. 
Malick A, Jakubowski M, Elmquist JK, Saper CB, and Burstein R. A neurohistochemical 
blueprint for pain-induced loss of appetite. Proc Natl Acad Sci U S A 98: 9930-9935, 2001. 
Malik S, McGlone F, Bedrossian D, and Dagher A. Ghrelin modulates brain activity in areas 
that control appetitive behavior. Cell Metab 7: 400-409, 2008. 
Malik S, McGlone F, and Dagher A. State of expectancy modulates the neural response to 
visual food stimuli in humans. Appetite 56: 302-309, 2011. 
Mantini D, Caulo M, Ferretti A, Romani GL, and Tartaro A. Noxious Somatosensory 
Stimulation Affects the Default Mode of Brain Function: Evidence from Functional MR Imaging. 
Radiology 253: 797-804, 2009. 
Marchand S, and Arsenault P. Odors modulate pain perception: a gender-specific effect. 
Physiol Behav 76: 251-256, 2002. 
Maris E, and Oostenveld R. Nonparametric statistical testing of EEG- and MEG-data. J Neurosci 
Methods 164: 177-190, 2007. 
Martens MJ, Born JM, Lemmens SG, Karhunen L, Heinecke A, Goebel R, Adam TC, and 
Westerterp-Plantenga MS. Increased sensitivity to food cues in the fasted state and decreased 
inhibitory control in the satiated state in the overweight. Am J Clin Nutr 97: 471-479, 2013. 
Martin GN. The effect of exposure to odor on the perception of pain. Psychosom Med 68: 613-
616, 2006. 
Martin PR, and Seneviratne HM. Effects of food deprivation and a stressor on head pain. 
Health Psychol 16: 310-318, 1997. 
Mashour GA, and Alkire MT. Evolution of consciousness: phylogeny, ontogeny, and 
emergence from general anesthesia. Proc Natl Acad Sci U S A 110 Suppl 2: 10357-10364, 2013. 
Mason MF, Norton MI, Van Horn JD, Wegner DM, Grafton ST, and Macrae CN. Wandering 
minds: the default network and stimulus-independent thought. Science 315: 393-395, 2007. 
Mason P, and Foo H. Food consumption inhibits pain-related behaviors. Ann N Y Acad Sci 
1170: 399-402, 2009. 
Matsuda M, Liu Y, Mahankali S, Pu Y, Mahankali A, Wang J, DeFronzo RA, Fox PT, and Gao 
JH. Altered hypothalamic function in response to glucose ingestion in obese humans. Diabetes 
48: 1801-1806, 1999. 
May A, Leone M, Boecker H, Sprenger T, Juergens T, Bussone G, and Tolle TR. Hypothalamic 
deep brain stimulation in positron emission tomography. J Neurosci 26: 3589-3593, 2006. 
145 
 
Mazzola L, Isnard J, Peyron R, and Mauguiere F. Stimulation of the human cortex and the 
experience of pain: Wilder Penfield's observations revisited. Brain 135: 631-640, 2012. 
McCaffery JM, Haley AP, Sweet LH, Phelan S, Raynor HA, Del Parigi A, Cohen R, and Wing RR. 
Differential functional magnetic resonance imaging response to food pictures in successful 
weight-loss maintainers relative to normal-weight and obese controls. Am J Clin Nutr 90: 928-
934, 2009. 
McFadden KL, Cornier MA, Melanson EL, Bechtell JL, and Tregellas JR. Effects of exercise on 
resting-state default mode and salience network activity in overweight/obese adults. 
NeuroReport 24: 866-871, 2013. 
McGivern R, Berka C, Berntson GG, Walker JM, and Sandman CA. Effect of naloxone on 
analgesia induced by food deprivation. Life Sci 25: 885-888, 1979. 
McGivern RF, and Berntson GG. Mediation of diurnal fluctuations in pain sensitivity in the rat 
by food intake patterns: reversal by naloxone. Science 210: 210-211, 1980. 
McGowan JC. Fast Imaging with an Introduction to k-Space. In: MR Imaging in White Matter 
Diseases of the Brain and Spinal Cord, edited by Filippi M, de Stefano N, Dousset V, and 
McGowan JC. Berlin: Springer-Verlag, 2005. 
McKendall MJ, and Haier RJ. Pain sensitivity and obesity. Psychiatry Res 8: 119-125, 1983. 
McKiernan KA, Kaufman JN, Kucera-Thompson J, and Binder JR. A parametric manipulation of 
factors affecting task-induced deactivation in functional neuroimaging. J Cogn Neurosci 15: 
394-408, 2003. 
McNair DM, Lorr M, and Droppleman LF. Profile of Mood States. Multi-Health Systems Inc., 
1971. 
McRobbie DW, Moore EA, Graves MJ, and Prince MR. MRI from Picture to Proton. NY, USA: 
Cambridge University Press, 2006. 
Mega MS, Cummings JL, Salloway S, and Malloy P. The limbic system: an anatomic, 
phylogenetic, and clinical perspective. J Neuropsychiatry Clin Neurosci 9: 315-330, 1997. 
Menon V, and Uddin LQ. Saliency, switching, attention and control: a network model of insula 
function. Brain Struct Funct 214: 655-667, 2010. 
Menyhert J, Wittmann G, Hrabovszky E, Keller E, Liposits Z, and Fekete C. Interconnection 
between orexigenic neuropeptide Y- and anorexigenic alpha-melanocyte stimulating hormone-
synthesizing neuronal systems of the human hypothalamus. Brain Res 1076: 101-105, 2006. 
Mercer ME, and Holder MD. Food cravings, endogenous opioid peptides, and food intake: a 
review. Appetite 29: 325-352, 1997. 
Merchenthaler I, Rotoli G, Grignol G, and Dudas B. Intimate associations between the 
neuropeptide Y system and the galanin-immunoreactive neurons in the human diencephalon. 
Neuroscience 170: 839-845, 2010. 
Mesulam MM, and Mufson EJ. The insula of Reil in monkey and man. In: Cerebral Cortex, 
edited by Peters A, and Jones EG. NY: Plenum Press, 1985. 
Miall RC, and Robertson Edwin M. Functional Imaging: Is the Resting Brain Resting? Curr Biol 
16: R998-R1000, 2006. 
Miao FJ, Janig W, Jasmin L, and Levine JD. Blockade of nociceptive inhibition of plasma 
extravasation by opioid stimulation of the periaqueductal gray and its interaction with vagus-
induced inhibition in the rat. Neuroscience 119: 875-885, 2003. 
Michalsen A. Prolonged fasting as a method of mood enhancement in chronic pain syndromes: 
a review of clinical evidence and mechanisms. Curr Pain Headache Rep 14: 80-87, 2010. 
Michalsen A, Hoffmann B, Moebus S, Backer M, Langhorst J, and Dobos GJ. Incorporation of 
fasting therapy in an integrative medicine ward: evaluation of outcome, safety, and effects on 
lifestyle adherence in a large prospective cohort study. J Altern Complement Med 11: 601-607, 
2005. 
146 
 
Michalsen A, and Li C. Fasting therapy for treating and preventing disease - current state of 
evidence. Forsch Komplementmed 20: 444-453, 2013. 
Michalsen A, Weidenhammer W, Melchart D, Langhorst J, Saha J, and Dobos G. [Short-term 
therapeutic fasting in the treatment of chronic pain and fatigue syndromes--well-being and 
side effects with and without mineral supplements]. Forsch Komplementmed 9: 221-227, 2002. 
Michel CM, Murray MM, Lantz G, Gonzalez S, Spinelli L, and Grave de Peralta R. EEG source 
imaging. Clin Neurophysiol 115: 2195-2222, 2004. 
Miller A, Barr RG, and Young SN. The cold pressor test in children: Methodological aspects and 
the analgesic effect of intraoral sucrose. Pain 56: 175-183, 1994. 
Milligan G, and Cooper M. A study of standardization of variables in cluster analysis. J Classif 5: 
181-204, 1988. 
Mitrushina M, Boone KB, Razani J, and D'Elia LF. Normative Data for Neuropsychological 
Assessment. NY, USA: Oxford University Press, 2002. 
Mobascher A, Brinkmeyer J, Warbrick T, Musso F, Schlemper V, Wittsack HJ, Saleh A, 
Schnitzler A, and Winterer G. Brain activation patterns underlying fast habituation to painful 
laser stimuli. Int J Psychophysiol 75: 16-24, 2010. 
Mobascher A, Brinkmeyer J, Warbrick T, Musso F, Wittsack HJ, Saleh A, Schnitzler A, and 
Winterer G. Laser-evoked potential P2 single-trial amplitudes covary with the fMRI BOLD 
response in the medial pain system and interconnected subcortical structures. Neuroimage 45: 
917-926, 2009. 
Mor J, and Carmon A. Laser emitted radiant heat for pain research. Pain 1: 233-237, 1975. 
Morelot-Panzini C, Demoule A, Straus C, Zelter M, Derenne JP, Willer JC, and Similowski T. 
Dyspnea as a noxious sensation: inspiratory threshold loading may trigger diffuse noxious 
inhibitory controls in humans. J Neurophysiol 97: 1396-1404, 2007. 
Morton GJ. Hypothalamic leptin regulation of energy homeostasis and glucose metabolism. J 
Physiol 583: 437-443, 2007. 
Moulton EA, Elman I, Pendse G, Schmahmann J, Becerra L, and Borsook D. Aversion-Related 
Circuitry in the Cerebellum: Responses to Noxious Heat and Unpleasant Images. J Neurosci 31: 
3795-3804, 2011. 
Moulton EA, Schmahmann JD, Becerra L, and Borsook D. The cerebellum and pain: Passive 
integrator or active participator? Brain Res Rev 65: 14-27, 2010. 
Murty VP, Labar KS, and Adcock RA. Threat of punishment motivates memory encoding via 
amygdala, not midbrain, interactions with the medial temporal lobe. J Neurosci 32: 8969-8976, 
2012. 
Nadeau SE. The thalamus and working memory. J Int Neuropsychol Soc 14: 900-901, 2008. 
Nakama-Kitamura M. The distinctive significance of analgesic drugs and olfactory stimulants 
on learned pain in mice. Brain Res 1588: 104-112, 2014. 
Narasimhan PT, and Jacobs RE. Neuro-Anatomical Micro-Magnetic Resonance Imaging. In: 
Brain Mapping: The Methods, edited by Toga AW, and Mazziotta JC. New York: Academic 
Press, 2002. 
Neugebauer V, and Li W. Processing of nociceptive mechanical and thermal information in 
central amygdala neurons with knee-joint input. J Neurophysiol 87: 103-112, 2002. 
Nielsen FÅ, Balslev D, and Hansen LK. Mining the posterior cingulate: Segregation between 
memory and pain components. Neuroimage 27: 520-532, 2005. 
Nishino T, Isono S, Ishikawa T, and Shinozuka N. Sex differences in the effect of dyspnea on 
thermal pain threshold in young healthy subjects. Anesthesiology 109: 1100-1106, 2008. 
Nishitani S, Miyamura T, Tagawa M, Sumi M, Takase R, Doi H, Moriuchi H, and Shinohara K. 
The calming effect of a maternal breast milk odor on the human newborn infant. Neurosci Res 
63: 66-71, 2009. 
Nitz WR, and Reimer P. Contrast mechanisms in MR imaging. Eur Radiol 9: 1032-1046, 1999. 
147 
 
Norgren R. The central gustatory system in humans. In: The Human Nervous System, edited by 
Paxinos G. NY: Academic, 1990. 
Nunez PL, Silberstein RB, and Nunez PL. On the Relationship of Synaptic Activity to 
Macroscopic Measurements: Does Co-Registration of EEG with fMRI Make Sense? Brain 
Topograph 13: 79-96, 2000. 
O'Doherty J, Rolls ET, Francis S, Bowtell R, McGlone F, Kobal G, Renner B, and Ahne G. 
Sensory-specific satiety-related olfactory activation of the human orbitofrontal cortex. 
NeuroReport 11: 399-403, 2000. 
Ochsner KN, Ludlow DH, Knierim K, Hanelin J, Ramachandran T, Glover GC, and Mackey SC. 
Neural correlates of individual differences in pain-related fear and anxiety. Pain 120: 69-77, 
2006. 
Ogawa S, Lee T-M, Stepnoski R, Chen W, Zhu X-H, and Ugurbil K. An approach to probe some 
neural systems interaction by functional MRI at neural time scale down to milliseconds. Proc 
Natl Acad Sci U S A 97: 11026-11031, 2000. 
Ohara S, Crone NE, Weiss N, Treede RD, and Lenz FA. Amplitudes of laser evoked potential 
recorded from primary somatosensory, parasylvian and medial frontal cortex are graded with 
stimulus intensity. Pain 110: 318-328, 2004a. 
Ohara S, Crone NE, Weiss N, Treede RD, and Lenz FA. Cutaneous painful laser stimuli evoke 
responses recorded directly from primary somatosensory cortex in awake humans. J 
Neurophysiol 91: 2734-2746, 2004b. 
Ohayon MM, and Schatzberg AF. Chronic pain and major depressive disorder in the general 
population. J Psychiatr Res 44: 454-461, 2009. 
Ojemann JG, Akbudak E, Snyder AZ, McKinstry RC, Raichle ME, and Conturo TE. Anatomic 
localization and quantitative analysis of gradient refocused echo-planar fMRI susceptibility 
artifacts. Neuroimage 6: 156-167, 1997. 
Olivia MF, Christina F, Panagiotis P, Mary B, Florencia Z, Bang-Bon K, Rafael R, and Christos 
SM. Leptin Therapy Alters Appetite and Neural Responses to Food Stimuli in Brain Areas of 
Leptin-Sensitive Subjects Without Altering Brain Structure. J Clin Endocrinol Metabol 99: 
E2529-E2538, 2014. 
Omori S, Isose S, Otsuru N, Nishihara M, Kuwabara S, Inui K, and Kakigi R. Somatotopic 
representation of pain in the primary somatosensory cortex (S1) in humans. Clin Neurophysiol 
124: 1422-1430, 2013. 
Onen SH, Alloui A, Gross A, Eschallier A, and Dubray C. The effects of total sleep deprivation, 
selective sleep interruption and sleep recovery on pain tolerance thresholds in healthy 
subjects. J Sleep Res 10: 35-42, 2001. 
ONS. Full Report: Sickness Absence in the Labour Market, February 2014. 2014. 
Ostrowsky K, Magnin M, Ryvlin P, Isnard J, Guenot M, and Mauguiere F. Representation of 
pain and somatic sensation in the human insula: a study of responses to direct electrical 
cortical stimulation. Cereb Cortex 12: 376-385, 2002. 
Otto B, Cuntz U, Fruehauf E, Wawarta R, Folwaczny C, Riepl RL, Heiman ML, Lehnert P, 
Fichter M, and Tschop M. Weight gain decreases elevated plasma ghrelin concentrations of 
patients with anorexia nervosa. Eur J Endocrinol 145: 669-673, 2001. 
Ouwehand C, and Papies EK. Eat it or beat it. The differential effects of food temptations on 
overweight and normal-weight restrained eaters. Appetite 55: 56-60, 2010. 
Ozdemir FK, and Tufekci FG. The effect of using musical mobiles on reducing pain in infants 
during vaccination. J Res Med Sci 17: 662-667, 2012. 
Pacia SV, and Ebersole JS. Intracranial EEG Substrates of Scalp Ictal Patterns from Temporal 
Lobe Foci. Epilepsia 38: 642-654, 1997. 
Page KA, Chan O, Arora J, Belfort-Deaguiar R, Dzuira J, Roehmholdt B, Cline GW, Naik S, 
Sinha R, Constable RT, and Sherwin RS. Effects of fructose vs glucose on regional cerebral 
148 
 
blood flow in brain regions involved with appetite and reward pathways. JAMA 309: 63-70, 
2013. 
Page KA, Seo D, Belfort-DeAguiar R, Lacadie C, Dzuira J, Naik S, Amarnath S, Constable RT, 
Sherwin RS, and Sinha R. Circulating glucose levels modulate neural control of desire for high-
calorie foods in humans. J Clin Invest 121: 4161-4169, 2011. 
Pager J, Giachetti I, Holley A, and Le Magnen J. A selective control of olfactory bulb electrical 
activity in relation to food deprivation and satiety in rats. Physiol Behav 9: 573-579, 1972. 
Palesi F, Vitali P, Chiarati P, Castellazzi G, Caverzasi E, Pichiecchio A, Colli-Tibaldi E, D'Amore 
F, D'Errico I, Sinforiani E, and Bastianello S. DTI and MR Volumetry of Hippocampus-PC/PCC 
Circuit: In Search of Early Micro- and Macrostructural Signs of Alzheimers's Disease. Neurol Res 
Int 2012: 517876, 2012. 
Palkovits M. Hypothalamic regulation of food intake. Ideggyogy Sz 56: 288-302, 2003. 
Pan JW, Rothman TL, Behar KL, Stein DT, and Hetherington HP. Human brain beta-
hydroxybutyrate and lactate increase in fasting-induced ketosis. J Cereb Blood Flow Metab 20: 
1502-1507, 2000. 
Parsons LM, Denton D, Egan G, McKinley M, Shade R, Lancaster J, and Fox PT. Neuroimaging 
evidence implicating cerebellum in support of sensory/cognitive processes associated with 
thirst. Proc Natl Acad Sci U S A 97: 2332-2336, 2000. 
Parvizi J, Van Hoesen GW, Buckwalter J, and Damasio A. Neural connections of the 
posteromedial cortex in the macaque. Proc Natl Acad Sci U S A 103: 1563-1568, 2006. 
Pascual-Marqui RD, Michel CM, and Lehmann D. Low resolution electromagnetic tomography: 
a new method for localizing electrical activity in the brain. Int J Psychophysiol 18: 49-65, 1994. 
Passamonti L, Rowe JB, Schwarzbauer C, Ewbank MP, von dem Hagen E, and Calder AJ. 
Personality Predicts the Brain's Response to Viewing Appetizing Foods: The Neural Basis of a 
Risk Factor for Overeating. J Neurosci 29: 43-51, 2009. 
Pauls AM, Lautenbacher S, Strian F, Pirke KM, and Krieg JC. Assessment of somatosensory 
indicators of polyneuropathy in patients with eating disorders. Eur Arch Psychiatry Clin 
Neurosci 241: 8-12, 1991. 
Pelchat ML, Johnson A, Chan R, Valdez J, and Ragland JD. Images of desire: food-craving 
activation during fMRI. Neuroimage 23: 1486-1493, 2004. 
Peltz E, Seifert F, DeCol R, Dorfler A, Schwab S, and Maihofner C. Functional connectivity of 
the human insular cortex during noxious and innocuous thermal stimulation. Neuroimage 54: 
1324-1335, 2011. 
Pessoa L. The Cognitive-Emotional Brain: From Interactions to Integration. Cambridge, MA: 
MIT Press, 2013. 
Petrovic P, Petersson KM, Hansson P, and Ingvar M. Brainstem involvement in the initial 
response to pain. Neuroimage 22: 995-1005, 2004. 
Peyron R, García-Larrea L, Grégoire M-C, Costes N, Convers P, Lavenne F, Mauguière F, 
Michel D, and Laurent B. Haemodynamic brain responses to acute pain in humans: Sensory 
and attentional networks. Brain 122: 1765-1780, 1999. 
Peyron R, Laurent B, and Garcia-Larrea L. Functional imaging of brain responses to pain. A 
review and meta-analysis (2000). Neurophysiol Clin 30: 263-288, 2000. 
Piacentino M, D'Andrea G, Perini F, and Volpin L. Drug-resistant cluster headache: long-term 
evaluation of pain control by posterior hypothalamic deep-brain stimulation. World Neurosurg 
81: 442 e411-445, 2014. 
Piche M, Arsenault M, and Rainville P. Dissection of perceptual, motor and autonomic 
components of brain activity evoked by noxious stimulation. Pain 149: 453-462, 2010. 
Plaghki L, and Mouraux A. EEG and laser stimulation as tools for pain research. Curr Opin 
Investig Drugs 6: 58-64, 2005. 
149 
 
Plaghki L, and Mouraux A. How do we selectively activate skin nociceptors with a high power 
infrared laser? Physiology and biophysics of laser stimulation. Neurophysiol Clin 33: 269-277, 
2003. 
Ploghaus A, Narain C, Beckmann CF, Clare S, Bantick S, Wise R, Matthews PM, Rawlins JN, 
and Tracey I. Exacerbation of pain by anxiety is associated with activity in a hippocampal 
network. J Neurosci 21: 9896-9903, 2001. 
Ploghaus A, Tracey I, Gati JS, Clare S, Menon RS, Matthews PM, and Rawlins JN. Dissociating 
pain from its anticipation in the human brain. Science 284: 1979-1981, 1999. 
Ploner M, Freund HJ, and Schnitzler A. Pain affect without pain sensation in a patient with a 
postcentral lesion. Pain 81: 211-214, 1999a. 
Ploner M, Lee MC, Wiech K, Bingel U, and Tracey I. Prestimulus functional connectivity 
determines pain perception in humans. Proc Natl Acad Sci U S A 107: 355-360, 2010. 
Ploner M, Schmitz F, Freund HJ, and Schnitzler A. Parallel activation of primary and secondary 
somatosensory cortices in human pain processing. J Neurophysiol 81: 3100-3104, 1999b. 
Pollatos O, Herbert BM, Füstös J, Weimer K, Enck P, and Zipfel S. Food deprivation sensitizes 
pain perception. J Psychophysiol 26: 1-9, 2012. 
Pooley RA. AAPM/RSNA physics tutorial for residents: fundamental physics of MR imaging. 
Radiographics 25: 1087-1099, 2005. 
Porro CA, Baraldi P, Pagnoni G, Serafini M, Facchin P, Maieron M, and Nichelli P. Does 
anticipation of pain affect cortical nociceptive systems? J Neurosci 22: 3206-3214, 2002. 
Porubská K, Veit R, Preissl H, Fritsche A, and Birbaumer N. Subjective feeling of appetite 
modulates brain activity: An fMRI study. Neuroimage 32: 1273-1280, 2006. 
Pradalier A, Willer JC, Boureau F, and Dry J. Relationship between pain and obesity: an 
electrophysiological study. Physiol Behav 27: 961-964, 1981. 
Prescott J, and Wilkie J. Pain tolerance selectively increased by a sweet-smelling odor. Psychol 
Sci 18: 308-311, 2007. 
Price DD. Psychological and neural mechanisms of the affective dimension of pain. Science 
288: 1769-1772, 2000. 
Price DD, Craggs J, Nicholas Verne G, Perlstein WM, and Robinson ME. Placebo analgesia is 
accompanied by large reductions in pain-related brain activity in irritable bowel syndrome 
patients. Pain 127: 63-72, 2007. 
Pritchard TC, Hamilton RB, Morse JR, and Norgren R. Projections of thalamic gustatory and 
lingual areas in the monkey, Macaca fascicularis. J Comp Neurol 244: 213-228, 1986. 
Pritchard TC, Hamilton RB, and Norgren R. Neural coding of gustatory information in the 
thalamus of Macaca mulatta. J Neurophysiol 61: 1-14, 1989. 
Purnell JQ, Lahna DL, Samuels MH, Rooney WD, and Hoffman WF. Loss of pons-to-
hypothalamic white matter tracks in brainstem obesity. Int J Obes 38: 1573-1577, 2014. 
Quide Y, Morris RW, Shepherd AM, Rowland JE, and Green MJ. Task-related fronto-striatal 
functional connectivity during working memory performance in schizophrenia. Schizophr Res 
150: 468-475, 2013. 
Raichle ME, MacLeod AM, Snyder AZ, Powers WJ, Gusnard DA, and Shulman GL. A default 
mode of brain function. Proc Natl Acad Sci U S A 98: 676-682, 2001. 
Rainville P, Bao QV, and Chretien P. Pain-related emotions modulate experimental pain 
perception and autonomic responses. Pain 118: 306-318, 2005. 
Rainville P, Duncan GH, Price DD, Carrier B, and Bushnell MC. Pain affect encoded in human 
anterior cingulate but not somatosensory cortex. Science 277: 968-971, 1997. 
Ralston HJ, 3rd, and Ralston DD. The primate dorsal spinothalamic tract: evidence for a 
specific termination in the posterior nuclei (Po/SG) of the thalamus. Pain 48: 107-118, 1992. 
150 
 
Ramaekers MG, Boesveldt S, Lakemond CM, van Boekel MA, and Luning PA. Odors: 
appetizing or satiating? Development of appetite during odor exposure over time. Int J Obes 
(Lond) 38: 650-656, 2014. 
Ramzan I, Wong BK, and Corcoran GB. Pain sensitivity in dietary-induced obese rats. Physiol 
Behav 54: 433-435, 1993. 
Randich A, and Gebhart GF. Vagal afferent modulation of nociception. Brain Res Brain Res Rev 
17: 77-99, 1992. 
Rattaz C, Goubet N, and Bullinger A. The calming effect of a familiar odor on full-term 
newborns. J Dev Behav Pediatr 26: 86-92, 2005. 
Raymond NC, de Zwaan M, Faris PL, Nugent SM, Achard DM, Crosby RD, and Mitchell JE. Pain 
thresholds in obese binge-eating disorder subjects. Biol Psychiatry 37: 202-204, 1995. 
Raymond NC, Eckert ED, Hamalainen M, Evanson D, Thuras PD, Hartman BK, and Faris PL. A 
preliminary report on pain thresholds in bulimia nervosa during a bulimic episode. Compr 
Psychiatry 40: 229-233, 1999a. 
Raymond NC, Faris PL, Thuras PD, Eiken B, Howard LA, Hofbauer RD, and Eckert ED. Elevated 
pain threshold in anorexia nervosa subjects. Biol Psychiatry 45: 1389-1392, 1999b. 
Rees G, Friston K, and Koch C. A direct quantitative relationship between the functional 
properties of human and macaque V5. Nat Neurosci 3: 716-723, 2000. 
Rempel-Clower NL, and Barbas H. Topographic organization of connections between the 
hypothalamus and prefrontal cortex in the rhesus monkey. J Comp Neurol 398: 393-419, 1998. 
Ren K, Blass EM, Zhou Qq, and Dubner R. Suckling and sucrose ingestion suppress persistent 
hyperalgesia and spinal Fos expression after forepaw inflammation in infant rats. Proc Natl 
Acad Sci U S A 94: 1471-1475, 1997. 
Renaud LP, and Hopkins DA. Amygdala afferents from the mediobasal hypothalamus: an 
electrophysiological and neuroanatomical study in the rat. Brain Res 121: 201-213, 1977. 
Reynolds DV. Surgery in the rat during electrical analgesia induced by focal brain stimulation. 
Science 164: 444-445, 1969. 
Rick J, Speck O, Maier S, Tüscher O, Dössel O, Hennig J, and Zaitsev M. Optimized EPI for fMRI 
using a slice-dependent template-based gradient compensation method to recover local 
susceptibility-induced signal loss. Magn Reson Mater Phy 23: 165-176, 2010. 
Ring C, Kavussanu M, and Willoughby AR. Emotional modulation of pain-related evoked 
potentials. Biol Psychol 93: 373-376, 2013. 
Robinson CJ, and Burton H. Somatic submodality distribution within the second 
somatosensory (SII), 7b, retroinsular, postauditory, and granular insular cortical areas of M. 
fascicularis. J Comp Neurol 192: 93-108, 1980. 
Robinson E, Hardman CA, Halford JC, and Jones A. Eating under observation: a systematic 
review and meta-analysis of the effect that heightened awareness of observation has on 
laboratory measured energy intake. Am J Clin Nutr 102: 324-337, 2015. 
Robinson E, Kersbergen I, Brunstrom JM, and Field M. I'm watching you. Awareness that food 
consumption is being monitored is a demand characteristic in eating-behaviour experiments. 
Appetite 83: 19-25, 2014. 
Rogers RD, Owen AM, Middleton HC, Williams EJ, Pickard JD, Sahakian BJ, and Robbins TW. 
Choosing between small, likely rewards and large, unlikely rewards activates inferior and 
orbital prefrontal cortex. J Neurosci 19: 9029-9038, 1999. 
Rolls ET. Brain mechanisms underlying flavour and appetite. Philos Trans R Soc Lond B Biol Sci 
361: 1123-1136, 2006. 
Rolls ET. The functions of the orbitofrontal cortex. Brain Cogn 55: 11-29, 2004. 
Rolls ET. Taste, olfactory and food texture reward processing in the brain and the control of 
appetite. Proc Nutr Soc 71: 488-501, 2012. 
151 
 
Rolls ET, Kringelbach ML, and De Araujo IET. Different representations of pleasant and 
unpleasant odours in the human brain. Eur J Neurosci 18: 695-703, 2003. 
Roltsch EA, Baynes BB, Mayeux JP, Whitaker AM, Baiamonte BA, and Gilpin NW. Predator 
odor stress alters corticotropin-releasing factor-1 receptor (CRF1R)-dependent behaviors in 
rats. Neuropharmacology 79: 83-89, 2014. 
Romantsik O, Porter RH, and Varendi H. The effects of olfactory stimulation and gender 
differences on pain responses in full-term infants. Acta Paediatr 2014. 
Ronga I, Valentini E, Mouraux A, and Iannetti GD. Novelty is not enough: laser-evoked 
potentials are determined by stimulus saliency, not absolute novelty. J Neurophysiol 109: 692-
701, 2013. 
Rorden C, Karnath HO, and Bonilha L. Improving lesion-symptom mapping. J Cogn Neurosci 
19: 1081-1088, 2007. 
Rosenbaum M, Sy M, Pavlovich K, Leibel RL, and Hirsch J. Leptin reverses weight loss-induced 
changes in regional neural activity responses to visual food stimuli. J Clin Invest 118: 2583-
2591, 2008. 
Rouwette T, Vanelderen P, Roubos EW, Kozicz T, and Vissers K. The amygdala, a relay station 
for switching on and off pain. Eur J Pain 16: 782-792, 2012. 
Roy M, Piche M, Chen JI, Peretz I, and Rainville P. Cerebral and spinal modulation of pain by 
emotions. Proc Natl Acad Sci U S A 106: 20900-20905, 2009. 
Rutter CE, Dahlquist LM, and Weiss KE. Sustained efficacy of virtual reality distraction. J Pain 
10: 391-397, 2009. 
Saab CY, and Willis WD. The cerebellum: organization, functions and its role in nociception. 
Brain Res Rev 42: 85-95, 2003. 
Sah P, Faber ES, Lopez De Armentia M, and Power J. The amygdaloid complex: anatomy and 
physiology. Physiol Rev 83: 803-834, 2003. 
Sakurai T. Orexin: a link between energy homeostasis and adaptive behaviour. Curr Opin Clin 
Nutr Metab Care 6: 353-360, 2003. 
Sala-Llonch R, Pena-Gomez C, Arenaza-Urquijo EM, Vidal-Pineiro D, Bargallo N, Junque C, and 
Bartres-Faz D. Brain connectivity during resting state and subsequent working memory task 
predicts behavioural performance. Cortex 48: 1187-1196, 2012. 
Sanghera MK, Rolls ET, and Roper-Hall A. Visual responses of neurons in the dorsolateral 
amygdala of the alert monkey. Exp Neurol 63: 610-626, 1979. 
Schacht A, and Sommer W. Time course and task dependence of emotion effects in word 
processing. Cogn Affect Behav Neurosci 9: 28-43, 2009. 
Scherg M, Berg P, and Hoechstetter K. BESA Research Tutorial: Artifact Correction. 2010. 
Schloegl H, Percik R, Horstmann A, Villringer A, and Stumvoll M. Peptide hormones regulating 
appetite--focus on neuroimaging studies in humans. Diabetes Metab Res Rev 27: 104-112, 
2011. 
Schmitz TW, and Johnson SC. Self-appraisal decisions evoke dissociated dorsal-ventral aMPFC 
networks. Neuroimage 30: 1050-1058, 2006. 
Schneeberger M, Gomis R, and Claret M. Hypothalamic and brainstem neuronal circuits 
controlling homeostatic energy balance. J Endocrinol 220: T25-46, 2014. 
Schneider M, Heise V, and Spanagel R. Differential involvement of the opioid receptor 
antagonist naloxone in motivational and hedonic aspects of reward. Behav Brain Res 208: 466-
472, 2010. 
Schnitzler A, and Ploner M. Neurophysiology and functional neuroanatomy of pain perception. 
J Clin Neurophysiol 17: 592-603, 2000. 
Schobel N, Kyereme J, Minovi A, Dazert S, Bartoshuk L, and Hatt H. Sweet taste and chorda 
tympani transection alter capsaicin-induced lingual pain perception in adult human subjects. 
Physiol Behav 107: 368-373, 2012. 
152 
 
Schuh-Hofer S, Wodarski R, Pfau DB, Caspani O, Magerl W, Kennedy JD, and Treede RD. One 
night of total sleep deprivation promotes a state of generalized hyperalgesia: a surrogate pain 
model to study the relationship of insomnia and pain. Pain 154: 1613-1621, 2013. 
Schumacher EH, Elston PA, and D'Esposito M. Neural evidence for representation-specific 
response selection. J Cogn Neurosci 15: 1111-1121, 2003. 
Schur EA, Kleinhans NM, Goldberg J, Buchwald D, Schwartz MW, and Maravilla K. Activation 
in brain energy regulation and reward centers by food cues varies with choice of visual 
stimulus. Int J Obes (Lond) 33: 653-661, 2009. 
Schurz M, Wimmer H, Richlan F, Ludersdorfer P, Klackl J, and Kronbichler M. Resting-State 
and Task-Based Functional Brain Connectivity in Developmental Dyslexia. Cereb Cortex 25: 
3502-3514, 2015. 
Schwartz GJ. The role of gastrointestinal vagal afferents in the control of food intake: current 
prospects. Nutrition 16: 866-873, 2000. 
Schwedt TJ, Chong CD, Chiang C-C, Baxter L, Schlaggar BL, and Dodick DW. Enhanced pain-
induced activity of pain-processing regions in a case-control study of episodic migraine. 
Cephalalgia 34: 947-958, 2014. 
Scott TR, Yaxley S, Sienkiewicz ZJ, and Rolls ET. Gustatory responses in the frontal opercular 
cortex of the alert cynomolgus monkey. J Neurophysiol 56: 876-890, 1986. 
Sedan O, Sprecher E, and Yarnitsky D. Vagal stomach afferents inhibit somatic pain 
perception. Pain 113: 354-359, 2005. 
Seeley WW, Menon V, Schatzberg AF, Keller J, Glover GH, Kenna H, Reiss AL, and Greicius 
MD. Dissociable Intrinsic Connectivity Networks for Salience Processing and Executive Control. 
J Neurosci 27: 2349-2356, 2007. 
Segato FN, Castro-Souza C, Segato EN, Morato S, and Coimbra NC. Sucrose ingestion causes 
opioid analgesia. Braz J Med Biol Res 30: 981-984, 1997. 
Segerdahl AR, Mezue M, Okell TW, Farrar JT, and Tracey I. The dorsal posterior insula 
subserves a fundamental role in human pain. Nat Neurosci 18: 499-500, 2015. 
Seifert F, Schuberth N, De Col R, Peltz E, Nickel FT, and Maihofner C. Brain activity during 
sympathetic response in anticipation and experience of pain. Hum Brain Mapp 34: 1768-1782, 
2012. 
Seilicovich A, Rubio M, Duvilanski B, Munoz Maines V, and Rettori V. Inhibition by naloxone 
of the rise in hypothalamic dopamine and serum prolactin induced by ethanol. 
Psychopharmacology 87: 461-463, 1985. 
Sewards TV, and Sewards MA. Representations of motivational drives in mesial cortex, medial 
thalamus, hypothalamus and midbrain. Brain Res Bull 61: 25-49, 2003. 
Shah PS, Herbozo C, Aliwalas LL, and Shah VS. Breastfeeding or breast milk for procedural 
pain in neonates. Cochrane Database Syst Rev 12: CD004950, 2012. 
Shavit Y, Fish G, Wolf G, Mayburd E, Meerson Y, Yirmiya R, and Beilin B. The effects of 
perioperative pain management techniques on food consumption and body weight after 
laparotomy in rats. Anesth Analg 101: 1112-1116, table of contents, 2005. 
Shi CJ, and Cassell MD. Cascade projections from somatosensory cortex to the rat basolateral 
amygdala via the parietal insular cortex. J Comp Neurol 399: 469-491, 1998a. 
Shi CJ, and Cassell MD. Cortical, thalamic, and amygdaloid connections of the anterior and 
posterior insular cortices. J Comp Neurol 399: 440-468, 1998b. 
Shide DJ, and Blass EM. Opioidlike effects of intraoral infusions of corn oil and polycose on 
stress reactions in 10-day-old rats. Behav Neurosci 103: 1168-1175, 1989. 
Shyu BC, Chen WF, and Shih HC. Electrically and mechanically evoked nociceptive neuronal 
responses in the rat anterior cingulate cortex. Acta Neurochir Suppl 101: 23-25, 2008. 
153 
 
Sibilia V, Lattuada N, Rapetti D, Pagani F, Vincenza D, Bulgarelli I, Locatelli V, Guidobono F, 
and Netti C. Ghrelin inhibits inflammatory pain in rats: involvement of the opioid system. 
Neuropharmacology 51: 497-505, 2006. 
Siep N, Roefs A, Roebroeck A, Havermans R, Bonte M, and Jansen A. Fighting food 
temptations: the modulating effects of short-term cognitive reappraisal, suppression and up-
regulation on mesocorticolimbic activity related to appetitive motivation. Neuroimage 60: 213-
220, 2012. 
Sikes RW, and Vogt BA. Nociceptive neurons in area 24 of rabbit cingulate cortex. J 
Neurophysiol 68: 1720-1732, 1992. 
Simmons WK, Avery JA, Barcalow JC, Bodurka J, Drevets WC, and Bellgowan P. Keeping the 
body in mind: insula functional organization and functional connectivity integrate 
interoceptive, exteroceptive, and emotional awareness. Hum Brain Mapp 34: 2944-2958, 
2013. 
Simmons WK, Martin A, and Barsalou LW. Pictures of Appetizing Foods Activate Gustatory 
Cortices for Taste and Reward. Cereb Cortex 15: 1602-1608, 2005. 
Singer T, Seymour B, O'Doherty J, Kaube H, Dolan RJ, and Frith CD. Empathy for pain involves 
the affective but not sensory components of pain. Science 303: 1157-1162, 2004. 
Small DM, Bender G, Veldhuizen MG, Rudenga K, Nachtigal D, and Felsted J. The role of the 
human orbitofrontal cortex in taste and flavor processing. Ann N Y Acad Sci 1121: 136-151, 
2007. 
Small DM, Gregory MD, Mak YE, Gitelman D, Mesulam MM, and Parrish T. Dissociation of 
neural representation of intensity and affective valuation in human gustation. Neuron 39: 701-
711, 2003. 
Small DM, Zatorre RJ, Dagher A, Evans AC, and Jones-Gotman M. Changes in brain activity 
related to eating chocolate: from pleasure to aversion. Brain 124: 1720-1733, 2001. 
Smeets PA, de Graaf C, Stafleu A, van Osch MJ, and van der Grond J. Functional MRI of 
human hypothalamic responses following glucose ingestion. Neuroimage 24: 363-368, 2005. 
Smeets PA, Vidarsdottir S, de Graaf C, Stafleu A, van Osch MJ, Viergever MA, Pijl H, and van 
der Grond J. Oral glucose intake inhibits hypothalamic neuronal activity more effectively than 
glucose infusion. Am J Physiol Endocrinol Metab 293: E754-758, 2007. 
Smith AP, Stephan KE, Rugg MD, and Dolan RJ. Task and content modulate amygdala-
hippocampal connectivity in emotional retrieval. Neuron 49: 631-638, 2006. 
Snead OC, 3rd, and Bearden LJ. Naloxone overcomes the dopaminergic, EEG, and behavioral 
effects of gamma-hydroxybutyrate. Neurology 30: 832-838, 1980. 
Sommer FT. Exploratory Analysis and Data Modeling in Functional Neuroimaging (Advances in 
Neural Information Processing). USA: MIT Press, 2002. 
Song GH, Venkatraman V, Ho KY, Chee MW, Yeoh KG, and Wilder-Smith CH. Cortical effects 
of anticipation and endogenous modulation of visceral pain assessed by functional brain MRI 
in irritable bowel syndrome patients and healthy controls. Pain 126: 79-90, 2006. 
Sparks L. Taking the "ouch" out of injections for children. Using distraction to decrease pain. 
MCN Am J Matern Child Nurs 26: 72-78, 2001. 
Spetter MS, de Graaf C, Mars M, Viergever MA, and Smeets PA. The sum of its parts--effects 
of gastric distention, nutrient content and sensory stimulation on brain activation. PLoS One 9: 
e90872, 2014. 
Sridharan D, Levitin DJ, and Menon V. A critical role for the right fronto-insular cortex in 
switching between central-executive and default-mode networks. Proc Natl Acad Sci U S A 105: 
12569-12574, 2008. 
St-Onge MP, Sy M, Heymsfield SB, and Hirsch J. Human cortical specialization for food: a 
functional magnetic resonance imaging investigation. J Nutr 135: 1014-1018, 2005. 
154 
 
Stafford LD, and Welbeck K. High Hunger State Increases Olfactory Sensitivity to Neutral but 
Not Food Odors. Chem Senses 36: 189-198, 2011. 
Stancak A, and Fallon N. Emotional modulation of experimental pain: a source imaging study 
of laser evoked potentials. Front Hum Neurosci 7: 552, 2013. 
Stancak A, Johnstone J, and Fallon N. Effects of motor response expectancy on cortical 
processing of noxious laser stimuli. Behav Brain Res 227: 215-223, 2012. 
Stancak A, Ward H, and Fallon N. Modulation of pain by emotional sounds: a laser-evoked 
potential study. Eur J Pain 17: 324-335, 2013. 
Stein D, Kaye WH, Matsunaga H, Myers D, Orbach I, Har-Even D, Frank G, and Rao R. Pain 
perception in recovered bulimia nervosa patients. Int J Eat Disord 34: 331-336, 2003. 
Stephani C, Fernandez-Baca Vaca G, Maciunas R, Koubeissi M, and Lüders HO. Functional 
neuroanatomy of the insular lobe. Brain Struct Funct 216: 137-149, 2011. 
Sterzer P, and Kleinschmidt A. Anterior insula activations in perceptual paradigms: often 
observed but barely understood. Brain Struct Funct 214: 611-622, 2010. 
Stevens RT, London SM, and Apkarian AV. Spinothalamocortical projections to the secondary 
somatosensory cortex (SII) in squirrel monkey. Brain Res 631: 241-246, 1993. 
Strobel C, Hunt S, Sullivan R, Sun J, and Sah P. Emotional regulation of pain: the role of 
noradrenaline in the amygdala. Sci China Life Sci 57: 384-390, 2014. 
Stubbs RJ, Hughes DA, Johnstone AM, Rowley E, Reid C, Elia M, Stratton R, Delargy H, King N, 
and Blundell JE. The use of visual analogue scales to assess motivation to eat in human 
subjects: a review of their reliability and validity with an evaluation of new hand-held 
computerized systems for temporal tracking of appetite ratings. Br J Nutr 84: 405-415, 2000. 
Sudakov K, MacLean PD, Reeves A, and Marino R. Unit study of exteroceptive inputs to 
claustrocortex in awake, sitting, squirrel monkey. Brain Res 28: 19-34, 1971. 
Sudheimer K, Keller J, Gomez R, Tennakoon L, Reiss A, Garrett A, Kenna H, O'Hara R, and 
Schatzberg AF. Decreased hypothalamic functional connectivity with subgenual cortex in 
psychotic major depression. Neuropsychopharmacology 40: 849-860, 2015. 
Sundermann B, and Pfleiderer B. Functional connectivity profile of the human inferior frontal 
junction: involvement in a cognitive control network. BMC Neurosci 13: 119, 2012. 
Suzuki K, Jayasena CN, and Bloom SR. Obesity and appetite control. Exp Diabetes Res 2012: 
824305, 2012. 
Sweet LH, Hassenstab JJ, McCaffery JM, Raynor HA, Bond DS, Demos KE, Haley AP, Cohen 
RA, Del Parigi A, and Wing RR. Brain response to food stimulation in obese, normal weight, 
and successful weight loss maintainers. Obesity (Silver Spring) 20: 2220-2225, 2012. 
Szekely M, Balasko M, Kulchitsky VA, Simons CT, Ivanov AI, and Romanovsky AA. Multiple 
neural mechanisms of fever. Auton Neurosci 85: 78-82, 2000. 
Tang DW, Fellows LK, Small DM, and Dagher A. Food and drug cues activate similar brain 
regions: A meta-analysis of functional MRI studies. Physiol Behav 106: 317-324, 2012. 
Tang J, Ko S, Ding HK, Qiu CS, Calejesan AA, and Zhuo M. Pavlovian fear memory induced by 
activation in the anterior cingulate cortex. Mol Pain 1: 6, 2005. 
Tang NK, Salkovskis PM, Hodges A, Wright KJ, Hanna M, and Hester J. Effects of mood on pain 
responses and pain tolerance: an experimental study in chronic back pain patients. Pain 138: 
392-401, 2008. 
Tang Y-Y, Ma Y, Wang J, Fan Y, Feng S, Lu Q, Yu Q, Sui D, Rothbart MK, Fan M, and Posner MI. 
Short-term meditation training improves attention and self-regulation. Proc Natl Acad Sci U S A 
104: 17152-17156, 2007. 
Tarkka IM, and Treede RD. Equivalent electrical source analysis of pain-related somatosensory 
evoked potentials elicited by a CO2 laser. J Clin Neurophysiol 10: 513-519, 1993. 
155 
 
Tataranni PA, Gautier J-F, Chen K, Uecker A, Bandy D, Salbe AD, Pratley RE, Lawson M, 
Reiman EM, and Ravussin E. Neuroanatomical correlates of hunger and satiation in humans 
using positron emission tomography. Proc Natl Acad Sci U S A 96: 4569-4574, 1999. 
Taylor KS, Seminowicz DA, and Davis KD. Two systems of resting state connectivity between 
the insula and cingulate cortex. Hum Brain Mapp 30: 2731-2745, 2009. 
Teh MM, Dunn JT, Choudhary P, Samarasinghe Y, Macdonald I, O'Doherty M, Marsden P, 
Reed LJ, and Amiel SA. Evolution and resolution of human brain perfusion responses to the 
stress of induced hypoglycemia. Neuroimage 53: 584-592, 2010. 
Teipel SJ, Bokde ALW, Meindl T, Amaro Jr E, Soldner J, Reiser MF, Herpertz SC, Möller H-J, 
and Hampel H. White matter microstructure underlying default mode network connectivity in 
the human brain. Neuroimage 49: 2021-2032, 2010. 
Ter Minassian A, Ricalens E, Humbert S, Duc F, Aubé C, and Beydon L. Dissociating 
anticipation from perception: Acute pain activates default mode network. Hum Brain Mapp 34: 
2228-2243, 2013. 
Thomas JM, Higgs S, Dourish CT, Hansen PC, Harmer CJ, and McCabe C. Satiation attenuates 
BOLD activity in brain regions involved in reward and increases activity in dorsolateral 
prefrontal cortex: an fMRI study in healthy volunteers. Am J Clin Nutr 2015. 
Tian Y, Wang S, Ma Y, Lim G, Kim H, and Mao J. Leptin enhances NMDA-induced spinal 
excitation in rats: A functional link between adipocytokine and neuropathic pain. Pain 152: 
1263-1271, 2011. 
Tiede W, Magerl W, Baumgartner U, Durrer B, Ehlert U, and Treede RD. Sleep restriction 
attenuates amplitudes and attentional modulation of pain-related evoked potentials, but 
augments pain ratings in healthy volunteers. Pain 148: 36-42, 2010. 
Tiemann L, Heitmann H, Schulz E, Baumkotter J, and Ploner M. Dopamine precursor depletion 
influences pain affect rather than pain sensation. PLoS One 9: e96167, 2014. 
Titova OE, Hjorth OC, Schioth HB, and Brooks SJ. Anorexia nervosa is linked to reduced brain 
structure in reward and somatosensory regions: a meta-analysis of VBM studies. BMC 
Psychiatry 13: 110, 2013. 
Tölle TR, Kaufmann T, Siessmeier T, Lautenbacher S, Berthele A, Munz F, Zieglgänsberger W, 
Willoch F, Schwaiger M, Conrad B, and Bartenstein P. Region-specific encoding of sensory and 
affective components of pain in the human brain: A positron emission tomography correlation 
analysis. Ann Neurol 45: 40-47, 1999. 
Tong J, Mannea E, Aime P, Pfluger PT, Yi CX, Castaneda TR, Davis HW, Ren X, Pixley S, Benoit 
S, Julliard K, Woods SC, Horvath TL, Sleeman MM, D'Alessio D, Obici S, Frank R, and Tschop 
MH. Ghrelin enhances olfactory sensitivity and exploratory sniffing in rodents and humans. J 
Neurosci 31: 5841-5846, 2011. 
Torelli P, and Manzoni GC. Fasting headache. Curr Pain Headache Rep 14: 284-291, 2010. 
Toro-Velasco C, Arroyo-Morales M, Fernández-de-las-Peñas C, Cleland JA, and Barrero-
Hernández FJ. Short-Term Effects of Manual Therapy on Heart Rate Variability, Mood State, 
and Pressure Pain Sensitivity in Patients With Chronic Tension-Type Headache: A Pilot Study. J 
Manipulative Physiol Ther 32: 527-535. 
Tosun B, Yava A, and Acikel C. Evaluating the effects of preoperative fasting and fluid 
limitation. Int J Nurs Pract 2014. 
Toth LA, and Gardiner TW. Food and water restriction protocols: physiological and behavioral 
considerations. Contemp Top Lab Anim Sci 39: 9-17, 2000. 
Tracey I, Becerra L, Chang I, Breiter H, Jenkins L, Borsook D, and Gonzalez RG. Noxious hot 
and cold stimulation produce common patterns of brain activation in humans: a functional 
magnetic resonance imaging study. Neurosci Lett 288: 159-162, 2000. 
Tran TD, Wang H, Tandon A, Hernandez-Garcia L, and Casey KL. Temporal summation of heat 
pain in humans: Evidence supporting thalamocortical modulation. Pain 150: 93-102, 2010. 
156 
 
Treede RD. Neurophysiological studies of pain pathways in peripheral and central nervous 
system disorders. J Neurol 250: 1152-1161, 2003. 
Treede RD, Kenshalo DR, Gracely RH, and Jones AK. The cortical representation of pain. Pain 
79: 105-111, 1999. 
Tregellas JR, Wylie KP, Rojas DC, Tanabe J, Martin J, Kronberg E, Cordes D, and Cornier M-A. 
Altered Default Network Activity in Obesity. Obesity 19: 2316-2321, 2011. 
Tschop M, Weyer C, Tataranni PA, Devanarayan V, Ravussin E, and Heiman ML. Circulating 
ghrelin levels are decreased in human obesity. Diabetes 50: 707-709, 2001. 
Tseng MT, Tseng WY, Chao CC, Lin HE, and Hsieh ST. Distinct and shared cerebral activations 
in processing innocuous versus noxious contact heat revealed by functional magnetic 
resonance imaging. Hum Brain Mapp 31: 743-757, 2010. 
Tzourio-Mazoyer N, Landeau B, Papathanassiou D, Crivello F, Etard O, Delcroix N, Mazoyer B, 
and Joliot M. Automated anatomical labeling of activations in SPM using a macroscopic 
anatomical parcellation of the MNI MRI single-subject brain. Neuroimage 15: 273-289, 2002. 
Uddin LQ. Salience processing and insular cortical function and dysfunction. Nat Rev Neurosci 
16: 55-61, 2015. 
Vaccarino AL, and Melzack R. Analgesia produced by injection of lidocaine into the anterior 
cingulum bundle of the rat. Pain 39: 213-219, 1989. 
Vaisvaser S, Lin T, Admon R, Podlipsky I, Greenman Y, Stern N, Fruchter E, Wald I, Pine DS, 
Tarrasch R, Bar-Haim Y, and Hendler T. Neural traces of stress: cortisol related sustained 
enhancement of amygdala-hippocampal functional connectivity. Front Hum Neurosci 7: 313, 
2013. 
Valassi E, Scacchi M, and Cavagnini F. Neuroendocrine control of food intake. Nutr Metab 
Cardiovasc Dis 18: 158-168, 2008. 
Valeriani M, Le Pera D, Niddam D, Chen AC, and Arendt-Nielsen L. Dipolar modelling of the 
scalp evoked potentials to painful contact heat stimulation of the human skin. Neurosci Lett 
318: 44-48, 2002. 
Valeriani M, Le Pera D, Restuccia D, de Armas L, Miliucci R, Betti V, Vigevano F, and Tonali P. 
Parallel spinal pathways generate the middle-latency N1 and the late P2 components of the 
laser evoked potentials. Clin Neurophysiol 118: 1097-1104, 2007. 
Valeriani M, Rambaud L, and Mauguiere F. Scalp topography and dipolar source modelling of 
potentials evoked by CO2 laser stimulation of the hand. Electroencephalogr Clin Neurophysiol 
100: 343-353, 1996. 
Valeriani M, Restuccia D, Barba C, Le Pera D, Tonali P, and Mauguiere F. Sources of cortical 
responses to painful CO(2) laser skin stimulation of the hand and foot in the human brain. Clin 
Neurophysiol 111: 1103-1112, 2000. 
Valet M, Sprenger T, Boecker H, Willoch F, Rummeny E, Conrad B, Erhard P, and Tolle TR. 
Distraction modulates connectivity of the cingulo-frontal cortex and the midbrain during pain--
an fMRI analysis. Pain 109: 399-408, 2004. 
van den Heuvel M, Mandl R, Luigjes J, and Hulshoff Pol H. Microstructural organization of the 
cingulum tract and the level of default mode functional connectivity. J Neurosci 28: 10844-
10851, 2008. 
van der Laan LN, de Ridder DTD, Viergever MA, and Smeets PAM. The first taste is always 
with the eyes: A meta-analysis on the neural correlates of processing visual food cues. 
Neuroimage 55: 296-303, 2011. 
van Rijn I, de Graaf C, and Smeets PA. Tasting calories differentially affects brain activation 
during hunger and satiety. Behav Brain Res 279: 139-147, 2015. 
Vanegas H, and Schaible HG. Descending control of persistent pain: inhibitory or facilitatory? 
Brain Res Brain Res Rev 46: 295-309, 2004. 
157 
 
Vatansever D, Menon DK, Manktelow AE, Sahakian BJ, and Stamatakis EA. Default mode 
network connectivity during task execution. Neuroimage 122: 96-104, 2015. 
Veer IM, Oei NYL, Spinhoven P, van Buchem MA, Elzinga BM, and Rombouts SARB. Beyond 
acute social stress: Increased functional connectivity between amygdala and cortical midline 
structures. Neuroimage 57: 1534-1541, 2011. 
Vergnano AM, Ferrini F, Salio C, Lossi L, Baratta M, and Merighi A. The gastrointestinal 
hormone ghrelin modulates inhibitory neurotransmission in deep laminae of mouse spinal 
cord dorsal horn. Endocrinology 149: 2306-2312, 2008. 
Verhagen JV, Kadohisa M, and Rolls ET. Primate insular/opercular taste cortex: neuronal 
representations of the viscosity, fat texture, grittiness, temperature, and taste of foods. J 
Neurophysiol 92: 1685-1699, 2004. 
Verstynen TD, Weinstein AM, Schneider WW, Jakicic JM, Rofey DL, and Erickson KI. Increased 
Body Mass Index Is Associated With a Global and Distributed Decrease in White Matter 
Microstructural Integrity. Psychosom Med 74: 682-690, 2012. 
Villarreal EA, Brattico E, Vase L, Ostergaard L, and Vuust P. Superior analgesic effect of an 
active distraction versus pleasant unfamiliar sounds and music: the influence of emotion and 
cognitive style. PLoS One 7: e29397, 2012. 
Villemure C, and Bushnell MC. The effects of the steroid androstadienone and pleasant 
odorants on the mood and pain perception of men and women. Eur J Pain 11: 181-191, 2007. 
Villemure C, and Bushnell MC. Mood influences supraspinal pain processing separately from 
attention. J Neurosci 29: 705-715, 2009. 
Vincent JL, Snyder AZ, Fox MD, Shannon BJ, Andrews JR, Raichle ME, and Buckner RL. 
Coherent spontaneous activity identifies a hippocampal-parietal memory network. J 
Neurophysiol 96: 3517-3531, 2006. 
Vogel H, Port JD, Lenz FA, Solaiyappan M, Krauss G, and Treede RD. Dipole source analysis of 
laser-evoked subdural potentials recorded from parasylvian cortex in humans. J Neurophysiol 
89: 3051-3060, 2003. 
Volkow ND, Wang GJ, Telang F, Fowler JS, Goldstein RZ, Alia-Klein N, Logan J, Wong C, 
Thanos PK, Ma Y, and Pradhan K. Inverse association between BMI and prefrontal metabolic 
activity in healthy adults. Obesity (Silver Spring) 17: 60-65, 2009. 
Wager TD, Atlas LY, Lindquist MA, Roy M, Woo C-W, and Kross E. An fMRI-Based Neurologic 
Signature of Physical Pain. N Engl J Med 368: 1388-1397, 2013. 
Wager TD, Matre D, and Casey KL. Placebo effects in laser-evoked pain potentials. Brain Behav 
Immun 20: 219-230, 2006. 
Wager TD, Rilling JK, Smith EE, Sokolik A, Casey KL, Davidson RJ, Kosslyn SM, Rose RM, and 
Cohen JD. Placebo-Induced Changes in fMRI in the Anticipation and Experience of Pain. Science 
303: 1162-1167, 2004. 
Walcott BP, Bamber NI, and Anderson DE. Successful treatment of chronic paroxysmal 
hemicrania with posterior hypothalamic stimulation: technical case report. Neurosurgery 65: 
E997; discussion E997, 2009. 
Wang GJ, Tomasi D, Backus W, Wang R, Telang F, Geliebter A, Korner J, Bauman A, Fowler JS, 
Thanos PK, and Volkow ND. Gastric distention activates satiety circuitry in the human brain. 
Neuroimage 39: 1824-1831, 2008a. 
Wang Y, Beydoun MA, Liang L, Caballero B, and Kumanyika SK. Will all Americans become 
overweight or obese? estimating the progression and cost of the US obesity epidemic. Obesity 
(Silver Spring) 16: 2323-2330, 2008b. 
Watson A, El-Deredy W, Iannetti GD, Lloyd D, Tracey I, Vogt BA, Nadeau V, and Jones AKP. 
Placebo conditioning and placebo analgesia modulate a common brain network during pain 
anticipation and perception. Pain 145: 24-30, 2009. 
158 
 
Wei J, Zhi X, Wang XL, Zeng P, Zou T, Yang B, and Wang JL. In vivo characterization of the 
effects of ghrelin on the modulation of acute pain at the supraspinal level in mice. Peptides 43: 
76-82, 2013. 
Weigle DS, Cummings DE, Newby PD, Breen PA, Frayo RS, Matthys CC, Callahan HS, and 
Purnell JQ. Roles of leptin and ghrelin in the loss of body weight caused by a low fat, high 
carbohydrate diet. J Clin Endocrinol Metab 88: 1577-1586, 2003. 
Weiss T, Kumpf K, Ehrhardt J, Gutberlet I, and Miltner WH. A bioadaptive approach for 
experimental pain research in humans using laser-evoked brain potentials. Neurosci Lett 227: 
95-98, 1997. 
Wells AS, Read NW, Laugharne JDE, and Ahluwalia NS. Alterations in mood after changing to 
a low-fat diet. Br J Nutr 79: 23-30, 1998. 
Whitfield-Gabrieli S, and Nieto-Castanon A. Conn: a functional connectivity toolbox for 
correlated and anticorrelated brain networks. Brain Connect 2: 125-141, 2012. 
Wiech K, Jbabdi S, Lin CS, Andersson J, and Tracey I. Differential structural and resting state 
connectivity between insular subdivisions and other pain-related brain regions. Pain 155: 
2047-2055, 2014. 
Wiech K, and Tracey I. Pain, decisions, and actions: a motivational perspective. Front Neurosci 
7: 46, 2013. 
Wilhelmi de Toledo F, Buchinger A, Burggrabe H, Holz G, Kuhn C, Lischka E, Lischka N, Lutzner 
H, May W, Ritzmann-Widderich M, Stange R, Wessel A, Boschmann M, Peper E, and 
Michalsen A. Fasting therapy - an expert panel update of the 2002 consensus guidelines. 
Forsch Komplementmed 20: 434-443, 2013. 
Willesen MG, Kristensen P, and Romer J. Co-localization of growth hormone secretagogue 
receptor and NPY mRNA in the arcuate nucleus of the rat. Neuroendocrinology 70: 306-316, 
1999. 
Willeumier KC, Taylor DV, and Amen DG. Elevated BMI is associated with decreased blood 
flow in the prefrontal cortex using SPECT imaging in healthy adults. Obesity (Silver Spring) 19: 
1095-1097, 2011. 
Williams G, Harrold JA, and Cutler DJ. The hypothalamus and the regulation of energy 
homeostasis: lifting the lid on a black box. Proc Nutr Soc 59: 385-396, 2000. 
Williams GV, Rolls ET, Leonard CM, and Stern C. Neuronal responses in the ventral striatum of 
the behaving macaque. Behav Brain Res 55: 243-252, 1993. 
Wilson LB, Andrew D, and Craig AD. Activation of spinobulbar lamina I neurons by static 
muscle contraction. J Neurophysiol 87: 1641-1645, 2002. 
Wood PB. Mesolimbic dopaminergic mechanisms and pain control. Pain 120: 230-234, 2006. 
World Health Organization. BMI Classification. 2006. 
Worthen SF, Hobson AR, Hall SD, Aziz Q, and Furlong PL. Primary and secondary 
somatosensory cortex responses to anticipation and pain: a magnetoencephalography study. 
Eur J Neurosci 33: 946-959, 2011. 
Wren AM, and Bloom SR. Gut hormones and appetite control. Gastroenterology 132: 2116-
2130, 2007. 
Wright H, Li X, Fallon NB, Crookall R, Giesbrecht T, Thomas A, Halford JC, and Stancak A. 
Differential effects of hunger and satiety on insular cortex functional connectivity. Eur J 
Neurosci under review, 2016. 
Wright H, Li X, Fallon NB, Giesbrecht T, Thomas A, Harrold JA, Halford JC, and Stancak A. 
Heightened eating drive and visual food stimuli attenuate central nociceptive processing. J 
Neurophysiol 113: 1323-1333, 2015. 
Wright SP. Adjusted p-values for simultaneous inference. Biometrics 1005-1013, 1992. 
Wylie LM, and Gentle MJ. Feeding-induced tonic pain suppression in the chicken: reversal by 
naloxone. Physiol Behav 64: 27-30, 1998. 
159 
 
Wynne K, Park AJ, Small CJ, Meeran K, Ghatei MA, Frost GS, and Bloom SR. Oxyntomodulin 
increases energy expenditure in addition to decreasing energy intake in overweight and obese 
humans: a randomised controlled trial. Int J Obes (Lond) 30: 1729-1736, 2006. 
Xia S, Li X, Kimball AE, Kelly MS, Lesser I, and Branch C. Thalamic Shape and Connectivity 
Abnormalities in Children with Attention Deficit/Hyperactivity Disorder. Psychiatry Res 204: 
161-167, 2012. 
Yamamotova A, Papezova H, and Uher R. Modulation of thermal pain perception by stress 
and sweet taste in women with bulimia nervosa. Neuro Endocrinol Lett 30: 237-244, 2009. 
Yamasaki H, Kakigi R, Watanabe S, and Naka D. Effects of distraction on pain perception: 
magneto- and electro-encephalographic studies. Brain Res Cogn Brain Res 8: 73-76, 1999. 
Yashiro E, Nozaki-Taguchi N, Isono S, and Nishino T. Effects of different forms of dyspnoea on 
pain perception induced by cold-pressor test. Respir Physiol Neurobiol 177: 320-326, 2011. 
Yelle MD, Oshiro Y, Kraft RA, and Coghill RC. Temporal Filtering of Nociceptive Information by 
Dynamic Activation of Endogenous Pain Modulatory Systems. J Neurosci 29: 10264-10271, 
2009. 
Yilmaz G, Caylan N, Oguz M, and Karacan CD. Oral sucrose administration to reduce pain 
response during immunization in 16-19-month infants: a randomized, placebo-controlled trial. 
Eur J Pediatr 173: 1527-1532, 2014. 
Yokum S, Ng J, and Stice E. Relation of regional gray and white matter volumes to current BMI 
and future increases in BMI: a prospective MRI study. Int J Obes (Lond) 36: 656-664, 2012. 
Yokum S, and Stice E. Cognitive regulation of food craving: effects of three cognitive 
reappraisal strategies on neural response to palatable foods. Int J Obes (Lond) 37: 1565-1570, 
2013. 
Yoshikawa T, Tanaka M, Ishii A, Fujimoto S, and Watanabe Y. Neural regulatory mechanism of 
desire for food: revealed by magnetoencephalography. Brain Res 1543: 120-127, 2014. 
Young GB. The EEG in coma. J Clin Neurophysiol 17: 473-485, 2000. 
Zabirunnisa M, Gadagi JS, Gadde P, Myla N, Koneru J, and Thatimatla C. Dental patient 
anxiety: Possible deal with Lavender fragrance. J Res Pharm Pract 3: 100-103, 2014. 
Zelman DC, Howland EW, Nichols SN, and Cleeland CS. The effects of induced mood on 
laboratory pain. Pain 46: 105-111, 1991. 
Zeng P, Li S, Zheng Y-h, Liu F-Y, Wang J-l, Zhang D-l, and Wei J. Ghrelin receptor agonist, 
GHRP-2, produces antinociceptive effects at the supraspinal level via the opioid receptor in 
mice. Peptides 55: 103-109, 2014. 
Zhang XY, Yu L, Zhuang QX, Zhu JN, and Wang JJ. Central functions of the orexinergic system. 
Neurosci Bull 29: 355-365, 2013. 
Zhang ZH, Dougherty PM, and Oppenheimer SM. Monkey insular cortex neurons respond to 
baroreceptive and somatosensory convergent inputs. Neuroscience 94: 351-360, 1999. 
Zheng H, Stornetta RL, Agassandian K, and Rinaman L. Glutamatergic phenotype of glucagon-
like peptide 1 neurons in the caudal nucleus of the solitary tract in rats. Brain Struct Funct 220: 
3011-3022, 2014. 
Zhou CH, Li X, Zhu YZ, Huang H, Li J, Liu L, Hu Q, Ma TF, Shao Y, and Wu YQ. Ghrelin alleviates 
neuropathic pain through GHSR-1a-mediated suppression of the p38 MAPK/NF-kappaB 
pathway in a rat chronic constriction injury model. Reg Anesth Pain Med 39: 137-148, 2014. 
Zhou F, Zhuang Y, Wang L, Zhang Y, Wu L, Zeng X, and Gong H. Disconnection of the 
hippocampus and amygdala associated with lesion load in relapsing-remitting multiple 
sclerosis: a structural and functional connectivity study. Neuropsychiatr Dis Treat 11: 1749-
1765, 2015. 
Zhou Y, and Rui L. Leptin signaling and leptin resistance. Front Med 7: 207-222, 2013. 
Zhu J-N, and Wang J-J. The Cerebellum in Feeding Control: Possible Function and Mechanism. 
Cell Mol Neurobiol 28: 469-478, 2008. 
160 
 
Zmarzty SA, Wells AS, and Read NW. The influence of food on pain perception in healthy 
human volunteers. Physiol Behav 62: 185-191, 1997. 
Zou Q, Wu CW, Stein EA, Zang Y, and Yang Y. Static and dynamic characteristics of cerebral 
blood flow during the resting state. Neuroimage 48: 515-524, 2009. 
Zweynert S, Pade JP, Wüstenberg T, Sterzer P, Walter H, Seidenbecher CI, Richardson-
Klavehn A, Düzel E, and Schott BH. Motivational salience modulates hippocampal repetition 
suppression and functional connectivity in humans. Front Hum Neurosci 5: 2011. 
 
 
